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ABSTRACT.
/3-Glucuronidase activity was investigated as a method of 
enumerating Escherichia coli in food and water more rapidly 
than traditional methods. As approximately 95% of E. coli 
strains and very few other microbial species are reported 
to produce the enzyme this may provide a convenient marker 
for the organism.
A liquid medium has been developed containing the substrate 
p-nitrophenol-/3-D-glucuronide which is hydrolysed by 
/3-glucuronidase releasing the coloured product p-nitrophenol. 
In this medium there was a direct inverse linear relationship 
between the log E. coli concentration in the inoculum and 
the length of incubation required for colour to reach a 
threshold optical density of 0.05, the "detection time". 
This relationship was maintained at 37° and 44°C for a single 
E . coli strain and a mixed E. coli inoculum containing 
approximately 5% /3-glucuronidase-negative cells and could 
be used as the basis for a calibration curve.
At 44°C colour development was achieved more quickly 
as a result of increased enzyme activity. This temperature 
was also sufficiently selective to allow the procedure to 
be used in the presence of a competitive microflora that 
outnumbered E. coli by a factor of up to 104. The method gave 
a good correlation with a standard cultural method for the 
enumeration of E. coli in water samples.
The medium was also used as the basis of a simpler 
pass/fail test using the Lovibond comparator to assess colour 
development and hence /3-glucuronidase activity following 15 
hours incubation at 44°C. This method is of greater potential 
as a simple test of compliance with guideline values for E, 
coli rather than direct enumeration of the organism.
Both methods are able to generate results more rapidly 
than traditional methods using a minimum of laboratory equipment 
and as such could be applied to food and water testing in 
the field.
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Chapter 1 MICROBIAL QUALITY OF FOOD
1.1 The role of food microbiology.
Preservation of foods by drying, salting, smoking and 
acid-producing fermentation has been practised since the 
earliest civilization, long before the role of micro-organisms 
in putrefaction and fermentation was appreciated. More recently 
science has recognised micro-organisms, principally fungi 
and bacteria, as causes of decay and foodborne disease.
During the 19th Century it was realized that epidemic 
enteric diseases, such as cholera and typhoid, could be spread 
by water and milk, contaminated as a result of poor sanitation. 
Legislation in the form of a series of Public Health Acts, 
regulating the disposal of sewage, purity of food and water, 
chlorination of drinking water and pasteurization of milk, 
resulted in a dramatic reduction in these diseases in Britain 
(Hobbs and Roberts, 1989).
The Food Act 1984 and the Food Safety Act 1990 demonstrate 
continuing concern for the safety and quality of food. 
Nevertheless, despite legislation and advances in the treatment 
of food and drink to increase shelf-life and safety, such 
as refrigeration and irradiation, foodborne disease continues 
to be a major problem in Britain with several thousand cases 
every year (Waites and Arbuthnott, 1990).
Each food has an associated microflora, comprising 
a mixed population of bacteria and fungi derived from the 
natural environment of the product; the balance between the 
species is altered by the opportunities for microbial growth 
afforded by the storage conditions, and the introduction of 
micro-organisms during handling, processing and storage.
The nutritious nature of food provides an ideal environment 
for the growth of micro-organisms > although this usually remains 
undetected, as the food remains wholesome and produces no 
adverse effects after consumption. On other occasions the 
growth of micro-organisms may manifest itself in different 
ways.
1
Bacterial spoilage of non-fermented foods usually becomes 
apparent when the microbial population reaches 106-107C.F.U./g 
and off-flavours and odours, or changes in appearance, are 
detected (Thatcher and Clark, 1978) . Incipient spoilage cannot 
be detected organoleptically but microbiological examination 
reveals large numbers of micro-organisms that will rapidly 
cause overt spoilage; therefore the lower the count, the longer 
the time before the microbial population exceeds that associated 
with spoilage and consequently, the longer the shelf-life. 
The exponential nature of microbial growth frequently causes 
a sudden onset of unacceptable organoleptic changes, whereas 
non-microbial spoilage causes a more gradual build-up of 
undesirable changes.
The growth of some organisms in foods can have beneficial 
effects, resulting in a product which is more appetizing and 
has increased safety and stability compared to the unfermented 
ingredient, for example wines and cheeses.
Food poisoning is traditionally defined as any acute 
illness caused by the recent consumption of food, and as such 
encompasses chemical, bacterial, viral, and parasitic agents 
(Waites and Arbuthnott, 1990). Apparently wholesome food 
may contain dangerous concentrations of pathogens or microbial 
toxin since these are frequently insufficient to cause overt 
spoilage. If inedible food were the only cause of foodborne 
illness, then the number of cases would be expected to be 
extremely low.
Bacterial foodborne illness, or acute gastroenteritis, 
is an irritation of the gastrointestinal tract caused either 
by an infectious organism or a toxic product of bacterial 
metabolism produced in the gut or present in food before 
consumption. Characteristically the symptoms of foodborne 
illness are diarrhoea with abdominal discomfort and vomiting, 
possibly with fever, developing within 1 to 3 6 hours of eating 
food (Hobbs and Roberts, 1989) . However, the term also includes 
more generalized diseases such as listeriosis and botulism 
as they are also spread by food (Waites and Arbuthnott, 1990) .
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Reported bacterial food poisoning caused 24,941 cases 
of illness in Britain in 1988 compared to 15,214 in 1986; 
the tremendous increase (64%) was attributed to a large increase 
in Salmonella reports (Communicable Disease Surveillance Centre, 
1990) . Nevertheless, this may represent only a small proportion 
of the illness suffered, as it has been suggested by Black 
(1988) that twenty four out of twenty five cases go unreported. 
This is because individuals with transient diarrhoea may not 
consult their General Practitioner, and even if they do the 
cause may not be investigated (Cooke, 1990).
The causative organisms of classical bacterial foodborne 
illness are a morphologically and biochemically diverse group 
of organisms that owe their pathogenicity to the production 
of a toxin, the ability to invade and infect the 
gastrointestinal tract or a combination of both these attributes 
(Table 1.1).
Although most E . coli that colonize the intestinal tract 
are harmless commensals and part of the normal microflora 
a minority of strains have the ability to cause gastroenteritis 
in man and infant animals, when ingested in large numbers 
(106-108per gram) as a consequence of a variety of plasmid 
determined virulence factors (Wachsmuth, et al, 1979; Linton 
and Hinton, 1988; Doyle, 1990; Fasano, et al 1990). These 
strains may be classified, on the basis of the mode of 
pathogenesis, into four groups: enterotoxigenic (ETEC),
enteroinvasive (EIEC), enteropathogenic (EPEC) and 
enterohaemorrhagic (EHEC) E. coli.
ETEC strains are the most common cause of travellers 
diarrhoea, childhood diarrhoea in developing countries and 
neonatal diarrhoea in calves, lambs and piglets (Linton and 
Hinton, 1988, Doyle, 1990). Infections are acquired by 
ingestion of contaminated food or water. The mechanism 
of pathogenicity is similar to that of V. cholerae (Doyle, 
1990).
3
Table 1.1
Morphology and pathogenicity of causative organisms of classical 
bacterial foodbo rne illness.
Species Morphology Mode of Pathogenicity References
Staphylococcus
aureus
Gram positive 
coccus
Production of one or more heat-stable enterotoxins in 
food responsible for the emetic and diarrhoeal 
symptoms.
Tranter, 1990 
Waites and 
Arbuthnott, 
1990
Clostridium
perfringens
Gram positive 
rod
Production of a heat-labile proteinaceous enterotoxin 
by sporulating cells in the intestine.
Lund, 1990
Bacillus cereus Gram positive 
rod
Production of one of two distinct enterotoxins in 
food, by germinating spores, responsible for two 
distinct illnesses - diarrhoeal and emetic syndromes.
Lund, 1990
Vibrio cholerae Gram negative 
curved rod
Attachment to the intestinal mucosa and production 
of a potent enterotoxin. The toxin stimulates the 
action of cell membrane adenylate cyclase resulting 
in a large increase in intracellular cyclic adenine 
monophosphate (cAMP) with the consequent 
hypersecretion of chloride, bicarbonate and fluid into 
the intestinal lumen.
Sonnenwirth,
1980
Taussig, 1989
Salmonella spp. Gram negative 
rod
Infection of both the small and large intestines of 
man and animals. Chronic infection of the lymph 
nodes, tonsils and gall bladder may provide a res­
ervoir for latent carriage of the organism. There is 
some evidence that enterotoxin production may also 
be invol ved in the pathogenicity of some strains.
S. typhi and S. paratyphi cause more generalised 
infections characterized by a high and persistent fever 
and septicaemia.
Baird-Parker,
1990
Cooke, 1990 
Johnston, 1990
Yersinia
enterocolitica
Gram negative 
cocco-bacillus
Invasion of the mucosa of the ileum by strains 
containing the 40-48MD plasmid.
Doyle, 1990
Campylobacter
jejuni
Gram negative 
curve rod
Colonisation of the mucous membrane of the 
intestine and production of a cholera-like enterotoxin.
Skirrow, 1990
Shigella spp. Gram negative 
rod
Invasion and ulceration of the lower ileum. 
Production of an enterotoxin, demontrated to have 
both neurotoxic and cytotoxic effects on HeLa cells, 
may be involoved in the pathogenicity of some 
strains.
Taussig, 1989
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Virulence is attributed to production of either, or both, 
heat-labile (LT) or heat-stable (ST) enterotoxins, colonization 
factors or specific surface adhesins (Doyle, 1990; Scotland, 
1988), and a haemolysin (Scotland, 1988; Suttorp, et al, 1990), 
encoded on Ent plasmids (Wachsmuth, et al, 1979; Mazaitis, 
et al, 1981) . Attachment to the epithelium and colonization 
of the surface of the small intestine is enhanced by host 
specific non-flagellar filamentous fimbriae, such as the K-88 
and K-99 antigens responsible for acute illness in piglets, 
calves and lambs (Linton and Hinton, 1988; Doyle, 1990; Johnston, 
1990).
Strains of EPEC are responsible for infantile diarrhoea 
where pathogenicity is not caused by LT, ST, Shigella-like 
invasiveness or a cytotoxin. The disease appears to be caused 
by attachment to, and destruction of, mucosal microvilli without 
further invasion (Levine and Edelman, 1984; Doyle, 1990).
EIEC produce an invasive dysenteric illness in man similar 
to shigellosis. Invasion of the epithelium and intracellular 
multiplication leads to inflammation and ulceration of the 
mucosa. Invasiveness depends on expression of several outer 
membrane polypeptides encoded on 140-MD enteroinvasive plasmids; 
both the plasmids and the polypeptides are closely related, 
if not identical, to those found in.Sh. flexneri (Doyle, 1990; 
Fasano, et al, 1990).
Of the EHEC strains only E. coli 0157:H7 has been 
associated with foodborne illness (Doyle, 1990). Unusually, 
the 0157 :H7 strain does not demonstrate /3-glucuronidase activity 
and may not be detected by faecal coliform tests as it grows 
poorly at 44 °C (Doyle and Schoeni, 1984) . The E. coli 0157 :H7 
serotype produces two cytotoxins, which are toxic to Vero 
(African green monkey kidney) cells in tissue culture, and 
encoded by a lysogenic phage (Scotland, et al, 1983; Smith, 
et al, 1983; Willshaw, et al, 1987) . It has been associated 
with haemorrhagic colitis, characterized by severe abdominal 
cramps and blood-stained diarrhoea, the site of the disease 
being the colon rather than the small intestine (Riley, et 
al, 1983) . Verotoxin producing strains of E. coli, and 0157:H7
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in particular, have been implicated by Karmali et al (1985) 
as an important cause of idiopathic haemolytic uraemic syndrome 
in infants and young children and is commonly associated with 
a diarrhoeal prodromal phase.
Most outbreaks of E . coli 0157 :H7 have been associated 
with the consumption of under cooked ground beef or unpastejrized 
milk, dairy cattle being a principal reservoir of the organism 
(Doyle, 1990).
For the food industry, the economic implications 
of an association between a product and foodborne illness 
may be devastating. For example, an outbreak of Salmonella 
ealing involving infant formula resulted in a £22 million 
loss to the company, the closure of one of two production 
units and the subsequent loss of over 100 jobs (Waites and 
Arbuthnott, 1990). Consequently the food industry is interested 
in assessing the microbiological quality of food not only 
to determine its shelf-life but also its potential to cause 
illness when consumed.
Detecting low numbers of a pathogen in a large bacterial 
population spread non-randomly through a food, is more difficult 
than isolating the same pathogen from an infected individual, 
where large numbers would be expected. This is reflected in 
the availability of technology for food microbiology which 
often lags behind developments made in medical microbiology.
6
1.2 Assessing the microbiological quality of food.
1.2.1 Sampling.
The aim of a quality control programme for food is to ensure 
that a product is, consistently, both wholesome and safe. 
This implies freedom from all types of hazard, not just 
microbial pathogens and their toxins, but also large numbers 
of spoilage organisms, foreign bodies and chemical 
contamination.
Foods are seldom homogeneous in nature and as a result 
of this the microflora is not uniformly distributed, so that 
individual samples may not be representative of the whole 
batch. Microbial growth may also be concentrated in discrete 
micro-habitats within the food. The overall result is described 
as a contagious distribution, a situation where the population 
variance is significantly greater than the mean (Jarvis, 1989) .
Microbiological criteria based on the testing of a single 
sample from a batch, to differentiate acceptable and 
unacceptable quality, would have to be set at a sufficiently 
high limit to accommodate the observed variability (Kilsby 
and Baird-Parker, 1983). Conversely, the only certain way 
to determine quality and safety would be to test the entire 
batch, defeating the object because there would be no product 
left to market. A compromise involving the examination of 
multiple samples, selected at random from within a batch, 
following standardized methods would, to some extent, 
accommodate variability as the larger the number of samples, 
the greater the confidence that can be placed in the results 
(Collins-Thompson and Allen, 1986).
Microbiological criteria may take one of three forms: 
a standard, defined by a regulatory authority usually as part 
of a statutory requirement; a specification, which may form 
part of a trade agreement; or a guideline, which has no legal 
status, but may be defined by companies and trade associations 
as a benchmark for product quality and hygienic standards 
of processing (Jarvis, 1989). A criterion should specify 
not only the numerical limits for certain organisms but also
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the number of samples to be tested and the analytical method, 
and may be expressed in the form of a sampling plan.
The International Commission for Microbiological 
Specifications for Foods (ICMSF) have developed Attribute 
Sampling plans for a wide range of foods. In these each unit 
sampled is characterised as being defective, acceptable or, 
in some classes of scheme, marginally acceptable (ICMSF, 1974; 
Collins-Thompson and Allen, 1986). The Variables Sampling 
plan has the primary advantage that it makes full use of the 
quantitative data. This should permit "better decision 
processes" and lead to economic benefits (Gascoigne and Hill, 
1976) . The main disadvantages are that the laboratory data 
must be analyzed statistically and there is an absolute 
requirement for the microbial concentration to conform to 
a normal frequency distribution (Jarvis, 1989). Assuming 
that the microbial population of a food follows a contagious 
distribution, then the data may be "normalised" by a logarithmic 
transformation (Burr, 1976; Jarvis, 1989). Variables sampling 
is the more efficient scheme and may be adapted for use with 
Codes of Good Manufacturing Practice (GMP) (Kilsby, et al, 
1979) .
Quality control based on testing end-products and accepting 
or rejecting the batch on the basis of test results is not 
cost effective, as the results may not accurately represent 
the whole batch. It is also retrospective, so it is too late 
to take action to improve the food quality, and it provides 
no remedial information about the cause of the problem, or 
the corrective measures required for its control. In a factory 
environment, this practice is only useful as a source of data 
for feedback control, ensuring that a process is being operated 
according to the predetermined conditions of Good Manufacturing 
Practice (GMP) (Jarvis, 1989). Other drawbacks are those 
associated with microbiological testing - the destructive 
and labour intensive nature of testing, the inaccuracy of 
counting procedures and the time required to generate results.
In reality it is not possible to ensure complete freedom 
from hazards in food, but the Hazard Analysis and Critical
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Control Point (HACCP) approach allows the chance of a hazard 
occurring to be minimised (Bauman, 1974; 1990).
The HACCP approach is a systematic, rule-based approach 
to controlling hazards; controls and monitoring are closely 
interrelated so that there can be no undetected loss of control, 
and corrective action may be swiftly implemented. The system 
can be used to control all the physical, chemical and biological 
parameters involved in food safety. It comprises six sequential 
steps: assessment of the process for potential hazards;
identification of critical control points (CCP's) ; institution 
of criteria for CCP's; monitoring of CCP's; establishment 
of protocols to regain control of aberrant CCP's and 
verification (Buchanan, 1990) .
CCP's are recognised as points which, if not adequately 
controlled, could lead to unacceptable contamination with, 
or survival and growth of, micro-organisms. For each CCP 
there must be specific criteria that will indicate that the 
process is controlling the hazard. This may be a physical 
parameter, such as time-temperature, a chemical parameter, 
such as acidity or salt concentration, or a biological 
assessment which may be based on the microbial population. 
Ideally the monitoring methods should permit real-time 
assessment of the criteria and status of the CCP allowing 
immediate action to be taken to control the hazard when the 
criteria are not met. Microbiological assessment is less 
appropriate for monitoring CCP's because of the delay in 
achieving results with traditional enumeration techniques 
(Bryan, 1990).
Verification is the collection of additional information 
for the assessment of the effectiveness of the HACCP system 
for controlling quality. Limited microbiological examination 
of end-products may be used to determine the effectiveness 
of the whole scheme. Similarly, microbial examination of 
samples from individual CCP's can provide information on the 
efficacy of particular components of the system.
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1.2.2 Analytical methods.
Traditional microbiological methods employ the micro-organisms' 
ability to grow, in a suitable medium, and produce visible 
evidence of their presence, usually in the form of turbidity 
or colonies. Each bacterium has a mass of approximately 10'13g 
(Strange, 1972) and the potential to multiply and form a visible 
colony within one to three days on agar medium represents 
a powerful self-amplification. The number of colonies is 
used as evidence of the bacterial concentration in the inoculum, 
allowing the method to be sensitive, in principle, to individual 
organisms.
The validity of cultural methods relies on two important 
assumptions, firstly that all the organisms in the sample 
can grow on the medium provided, and secondly that each organism 
gives rise to a colony. Neither of these assumptions need 
necessarily be true; for example, the constituents of the 
medium or the incubation temperature may prevent growth of 
certain species or stressed cells, and a small clump of cells 
will give rise to only a single visible colony. These anomalies 
can cause a wide degree of variation between replicate samples. 
The main advantages of these methods are that they require 
minimal sample preparation, are widely applicable and visible 
colonies are psychologically reassuring. However, these 
advantages are gained at the expense of time, which may be 
crucial in the examination of perishable food samples.
The aerobic plate count, regularly included in 
microbiological specifications, is enumerated on a non-selective 
medium, at an appropriate temperature. The incubation 
temperature favours the growth of different groups of bacteria, 
for example, spoilage of refrigerated foods is most commonly 
caused by psychrotrophic species which are unable to grow 
above 30°C (Thatcher and Clark, 1978).
The most probable number (MPN) test is based on a 
statistical approach to the determination of the number of 
viable cells in an inoculum. It does not involve colony 
counting but relies on visible evidence of growth in liquid 
medium and can be applied to enumerate any organism that fulfils
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this criterion. The method relies on the assumption that 
bacteria are normally distributed in a liquid sample, so that 
replicate samples are expected to contain the same number 
of organisms on average. The MPN is the average concentration 
in a sample. If the concentration is large, the individual 
results will be nearer to the mean. Whereas, if the 
concentration is low then the difference between individual 
samples will be larger (Collins and Lyne, 1987).
Both the plate count and MPN tests can be made specific 
for particular organisms or groups of organisms by the use 
of selective agents to promote the growth of the desired species 
and antagonize the growth of competitive species. Biochemical 
tests may also be necessary to confirm the identity of the 
organisms isolated.
Determination of low numbers of pathogenic organisms 
in food, for example, Salmonella and Listeria, is particularly 
difficult because these organisms normally constitute only 
a very small proportion of the microflora. One approach is 
to enrich selectively the pathogen concentration in the sample, 
by incubation in a specifically designed liquid medium that 
antagonizes the growth of most other species. This is followed 
by isolation on selective and differential agar media and 
biochemical identification.
Thorough investigation of food samples is time-consuming 
and labour-intensive. This is particularly inconvenient as 
food products need to be released for sale as quickly as 
possible. Recently, more rapid microbiological methods have 
been developing in two broad areas: those designed to reduce 
labour, with automated equipment performing routine tasks 
and those designed to save time, achieving results more quickly 
than conventional methods. Time-saving methods may be further 
sub-divided into those based on the direct detection of 
bacterial cells or their components and those based on active 
microbial metabolism.
Rapid methods are increasingly moving away from cultural 
techniques for microbial enumeration towards a more analytical 
approach, where organisms are considered as chemical, rather
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than biological, entities. Several cell components have been 
used as the basis for chemical assays, for example, haematin, 
Gram-negative lipopoly saccharide and ATP (Stannard, 1989). 
In common with chemical analyses, these analytical methods 
require meticulous sample preparation. Nevertheless, the 
concept of the plate count continues, the results from 
analytical methods are often expressed in terms of numbers 
of organisms per gram, and until there is a radical change 
away from enumeration, more critical analytical techniques 
cannot achieve their potential (Sharpe, 1979).
The Direct Epif luorescent Filter Technique (DEFT) allows 
the rapid enumeration of bacterial cells by direct microscopy 
(Pettifer and Rodrigues, 1981). Pre-treatment of milk with 
a proteolytic enzyme, trypsin, and a surfactant at 50°C, lyses 
somatic cells and makes fat globules sufficiently fluid to 
allow a 2mL sample volume to pass through a polycarbonate 
membrane filter, concentrating bacteria on the surface of 
the membrane. The fluorescent dye acridine orange is used 
to stain the organisms, and on the basis of its metachromatic 
reactions with nucleic acids can be used as an indication 
of viability.
Adenosine triphosphate (ATP) is an important molecule 
for energy transfer reactions in living cells and can be 
detected by bioluminescence technology; as such it offers 
an attractive method to assess the bacterial concentration 
in food. Although to measure bacterial ATP in food accurately, 
it is necessary to destroy selectively endogenous ATP, which 
may be a thousand-fold greater than microbial ATP in the 
sample (Sharpe, et al, 1970).
The tail of the firefly contains the enzyme luciferase 
and the substrate luciferin; in the presence of ATP and 
magnesium ions the enzyme catalyses the formation of an 
enzyme-substrate-AMP complex. Exposure of the complex to 
oxygen results in decarboxylation and the simultaneous emission 
of light (Fig. 1.1). Each light emission from the 
luciferin/luciferase reaction consists of a single photon 
of light. The total output from the sample is directly
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Figure 1.1
The bioluminesence reaction.
E + LH2+ ATP ------ --> E.LH 2-AMP + PP
E.LH2-AMP + 02------— > Oxyluciferin + C02
+ AMP + Light
Key
E = Luciferase
LH2 = Luciferin
PP = Pyrophosphate
E.LH2 = Enzyme bound luciferyl-adenylate
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proportional to the amount of ATP present when the enzyme 
and substrate are present in excess (M^lroy, et al, 1969; 
Stannard, 1989).
It is possible to detect <0.1 pg ATP in a controlled 
environment with highly purified reagents and a sensitive 
luminometer. This corresponds to approximately 100 bacterial 
cells (LaRocco, et al, 1986).
The metabolic activities of micro-organisms growing on 
nutrient medium cause changes in the electrical properties 
which can be monitored continuously and related to the original 
population size. The time taken to reach a threshold response 
is inversely proportional to the initial concentration of 
organisms (Hardy, et al, 1977). A plot of impedance, or 
conductance, against time follows a sigmoid course with three 
distinct stages: inactive, active and decline. The detection 
time is defined as the point at which a measurable increase 
in conductivity first occurs, usually when the microbial 
population reaches 106-107C.F.U./mL. The detection time is 
inversely proportional to the logarithm of the inoculum size, 
allowing calibration curves to be prepared, relating detection 
time to the initial population size (Easter and Gibson, 1989) .
Immunological techniques based on the specificity of 
antibody-antigen reactions can be used to reduce the need 
for confirmatory biochemical tests. All the methods depend 
on the primary binding reaction between the antigen and antibody 
but differ in the way the components are presented to one 
another and the way in which the binding reaction is visualized 
(Swaminathan and Konger, 1986; Rose and Stringer, 1989; 
Candlish, 1991).
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1.3 Index and indicator micro-organisms.
The food industry is particularly interested in pathogenic 
and spoilage micro-organisms. However, pathogens frequently 
occur in low numbers and because of the disadvantages of 
currently available methodologies already discussed it is 
often not feasible to examine foods for specific .
This has led to the examination of specimens for organisms 
which suggest the possible presence of closely related 
pathogenic organisms. For example, the presence of coliforms, 
faecal coliforms, E. coli and enterococci have all been used 
as markers for faecal contamination in water and the possible 
presence of enteric pathogens. Similarly, rather than examining 
foods for specific spoilage organisms it is more usual for
• . . . to tthe food microbiologist simply enumerate the bacterial 
population on a non-selective medium at an appropriate 
temperature.
Mossel (1978) made a distinction between index organisms, 
that suggest the presence of pathogens, and indicator organisms, 
which can be used as an assessment of the overall microbial 
quality; however, this terminology is not commonly used and 
both groups are often referred to simply as indicator organisms.
The use of E, coli as an index organism in water was 
first proposed at the end of the 19th Century when the 
contamination of water with human excreta, and the potential 
presence of the aetiological agents of disease, was recognised 
as being partially responsible for the spread of epidemic 
enteric disease, such as cholera and typhoid. Following the 
isolation, by Escherich (1887) , of E. coli from human faeces, 
Schardinger suggested (1892) that E. coli could be isolated 
more readily than Salmonellae from contaminated water (cited 
by Chordash and Insalata, 1978). This led to the adoption 
of the isolation and enumeration of E. coli as an indication 
of faecal contamination.
The merit of E. coli as a direct and specific indicator 
of faecal pollution in water relies on the following criteria: 
the absence of any non-faecal E. coli strains; the inability
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of the species to multiply in water; and a similarity in the 
death rate of E. coli compared to pathogenic Enterobacteriaceae 
species (Table 2.1), in the same conditions. In water with 
a temperature lower than 15°C and with assimilable organic 
carbon <50/xg/litre these conditions are largely satisfied 
(LeChevallier, et al, 1991) and the concentration of E. coli 
may provide evidence of the degree of faecal contamination 
(Thatcher and Clark, 1978).
The significance of pollution of water with the faeces 
of animals is less clear, because although Salmonellae are 
carried by some animals there is little evidence for the spread 
of typhoid and paratyphoid fevers by this route, as these 
organisms are primarily adapted to man (Sonnenwirth, 1980). 
Nevertheless, animals do provide a reservoir of zoonotic 
diseases; for example, Salmonella spp., Campylobacter coli, 
Campylobacter jejuni, pathogenic E. coli, pathogenic Yersinia 
spp., Cl. perfringens, L. monocytogenes, Cryptosporidium, 
Toxoplasma gondii, Giardia intestinalis, and viruses, 
particularly rotavirus and coronavirus (Johnston, 1990). 
Therefore contamination of this nature should be considered 
to be potentially dangerous.
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1.4 Escherichia coli and related organisms as indicators
in foods.
Escherichia is the type genus of the Enterobacteriaceae family 
- a group of genera characterized as facultatively anaerobic, 
Gram negative rods (Jones, 1988). The primary habitat of 
the organism is the intestinal tract of man and animals, where 
it does not normally cause disease. It is N the most 
characteristic organism of human faeces, despite comprising 
only 1% of the total microflora, and it is commonly present 
in numbers up to 5xl08/g faeces (Thompson, 1955; Finegold, 
et al, 1974).
The usefulness of E . coli as an index organism in water 
has led to the application of the same principle to food. 
In foods other factors influence the use of E. coli, including 
multiplication of the organism in a nutrient rich environment, 
adhesion to food particles, and the death rate during 
processing, making the interpretation of E. coli counts more 
difficult. This limits the use of E. coli to an indicator 
of sanitary assessment (l^ Coy, 1961) rather than an index 
organism, suggesting the presence of faecal contamination 
and pathogens (Mossel, 1978; Thatcher and Clark, 1978).
Raw and untreated foods may become contaminated directly 
from faeces or water contaminated with faeces; this is 
particularly significant for three types of food: vegetables, 
shellfish and fish, where thermotolerant coliforms are not 
found in the normal microflora (Cox, et al, 1988). But many 
other foods frequently become unavoidably contaminated with 
excreta during production, for instance, when carcasses are 
eviscerated. It is also possible for food to contain pathogenic 
members of the Enterobacteriaceae without containing detectable 
E . coli; for example, Salmonella enteritidis in eggs from 
an infected poultry flock (Baird-Parker, 1990).
Cultural methods for the identification and enumeration 
of E. coli are labour intensive and may take several days 
to complete. To reduce the time necessary to achieve results
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less specific identification, of groups of species within 
the Enterobacteriaceae, has been employed.
The term "coliform" covers a rather ill defined group 
of Enterobacteriaceae species with a similar response to 
coliform tests, these are the ability to ferment lactose in 
the presence of bile salts at 35-37°C in 48 hours. Coliform 
tests are commonly used as a "screening" procedure to assess 
the likelihood of faecal contamination, prior to more specific 
examination for E. coli. This is because the coliforms include 
species found outside the intestine (Prescott, 1902; Metcalfe, 
1905) (Table 1.2).
There are three MPN methods for the enumeration of 
coliforms described by the ICMSF, (Thatcher and Clark, 1978) , 
each involves inoculation of 3 tubes of medium for each food 
dilution and incubation at 35-37°C for 48 hours: 1) Lauryl 
Sulphate Tryptose broth (LST) and confirmation of gas-positive 
tubes using Brilliant Green Lactose Bile broth (BGLB) at 35-37°C 
for 48 hours; 2) MacConkey broth; 3) BGLB and confirmation 
of gas-positive tubes on Violet-Red Bile agar or Endo agar 
at 35-37°C. When present in higher numbers coliforms may 
be enumerated directly on MacConkey agar. All these approaches 
are time consuming and labour intensive.
Faecal, or thermotolerant coliforms demonstrate the same 
fermentative properties as coliforms but at an elevated 
incubation temperature (44-45.5°C) in 24 hours (Chordash and 
Insalata, 1978; Thatcher and Clark, 1978) . These enrichment 
cultures usually comprise largely E . coli biotypes I and 
II and are therefore particularly useful for identifying faecal 
contamination (Thatcher and Clark, 1978). Although E. coli 
is the major species in the faecal coliform group some strains 
of Enterobacter spp. and Klebsiella spp. may also be included.
Distinction between the faecal coliform species is achieved 
by the IMViC test profile - indole production, methyl red, 
Voges-Proskauer and citrate utilization (Table 1.3).
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Table 1.2
The general differences between the detection, habitat and 
enteropathogenicity of the Enterobacteriaceae genera*. Adapted 
from Thatcher and Clark (1978).
Genus Detected by 
"coliform" 
tests
Primarily of 
faecal origin
Enteropatho- 
genic to man
Escherichia + + (+>
Edwardsiella - + -
Citrobacter + - -
Salmonella - + +
Shigella - + +
Klebsiella + - -
Enterobacter + - -
Hafnia - - -
Serratia - - -
Proteus - - -
Yersinia - + Ct)
Erwinia - - -
Some variation may occur between strains.
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Table 1.3
IMViC test profiles*of faecal coliforms. Adapted from Thatcher 
and Clarke (1978).
Organism Indole Methyl
red
Voges-
Proskauer
Citrate
utilization
E . coli I + + - -
E. coli II - + - -
Enterobacter - - + +
Klebsiella - - + +
Citrobacter +/- + - +
*Some variation may occur between strains.
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Failure of simple coliform counts to include the pathogens 
Salmonella and Shigella and their inclusion of some non-faecal 
members of the Enterobacteriaceae have led, in some cases, 
to the use of total Enterobacteriaceae counts. For instance, 
heat processing of foods should be sufficient to eliminate 
all the enteric organisms associated with the ingredients. 
Therefore in these foods the whole Enterobacteriaceae group 
may be used as indicator organisms, and their presence is 
indicative of either inadequate processing or recontamination 
after processing from the factory environment, rather than 
faecal contamination (Cox, et al, 1988).
An attempt has been made to quantify the risk of the
presence of Salmonellae in heat treated and dried foods based 
on Enterobacteriaceae counts by using the so-called epsilon 
factor (e). This is defined as:
c.f.u. / g Enterobacteriaceae
e =  :----------------
c.f.u. / g Salmonellae
The method for Enterobacteriaceae is able to detect all members 
of the group including Salmonellae; therefore, e cannot hold 
a value <1.
Based on an e factor of 750 and a consideration of an 
acceptable risk to the consumer, Mossel recommended rejection 
of food processed for safety if two lg samples were positive 
for Enterobacteriaceae using protocols described. In a survey 
of nearly 7000 food samples, the average e value was found 
to be 3. 8xl03 suggesting this approach gave greater consumer 
protection than anticipated (Drion and Mossel, 1977) . However 
individual values of e varied greatly and this approach has 
not found acceptance in the food industry.
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Chapter 2 ff-D-GLUCURONIDASE AND Escherichia coli.
2.1 The biological distribution of /3-P-glucuronidase.
Production of /3-glucuronidase by members of the 
Enterobacteriaceae is predominantly confined to E. coli and 
the closely related Shigella species. Kilian and Biilow (1976) 
reported that 97% of E. coli strains examined demonstrated 
/3-glucuronidase activity; with no activity being demonstrated 
outside the Escherichia-Shigella group. Similarly, Hansen 
and Yourassowsky (1984) reported 94.43% of 323 E. coli strains 
examined were /3-glucuronidase-positive with no activity 
demonstrated by other members of the Enterobacteriaceae. 
They also reported a greater proportion of sucrose fermenting 
E. coli amongst /3-glucuronidase-negative strains. That 
approximately 95% of E. coli, regardless of the source, 
demonstrate the enzyme has been reported by Feng and Hartman 
(1982), Edberg and Trepeta (1983), Perez et al (1986), Wiess 
and Humber (1988), Edberg et al (1990), and Restaino et al 
(1990). However, Chang et al (1989) found that 34% of
faecal isolates of E. coli from healthy volunteers were 
/3-glucuronidase-negative. This contradicts the report of 
Edberg et al (1990) that 95.9%, after 24 hours incubation, 
and 99.3%, after 48 hours incubation, of human faecal isolates 
were /3-glucuronidase-positive; only a single 
/3-glucuronidase-negative strain was reported. A high
incidence of /3-glucuronidase-negative strains may be due to 
a local variation in the human volunteers, for example a 
sub-clinical infection with, or carriage of, E. coli serotype 
0157 :H7, 01:K1 or another /3-glucuronidase-negative strain 
(Kilian and Bulow, 1979).
Species of the genus Shigella demonstrate an incidence 
of approximately 40% /3-glucuronidase-positive strains (Maddocks 
and Greenan, 1975; Feng and Hartman, 1982) . A far lower 
frequency is reported for other Gram-negative bacteria with 
occasional reports of /3-glucuronidase-positive Salmonella, 
Yersinia, Pseudomonas, Flavobacterium, Hafnia alvei,
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Enterobacter cloacae, Enterobacter aerogenes and Citrobacter 
freundii (Feng and Hartman, 1982; Robison, 1984; Damare, et 
al, 1985; Petzel and Hartman, 1985; Singh and Ng, 1986; Perez, 
et al, 1986). Among the Gram-positive bacteria, infrequent 
/3-glucuronidase-positive streptococci and staphylococci have 
been reported (Williams, 1954; Robison, 1984; Damare, et al, 
1985; Moberg, 1985; Petzel and Hartman, 1985; Singh and Ng, 
1986).
The enzyme is widely distributed in mammalian body fluids 
and tissues, with the greatest activity being found in liver, 
kidney, spleen, reproductive organs and malignant tumours 
(Lewy and Marsh, 1960) . /3-Glucuronidase activity is not 
confined to mammalian species and can be detected in fish 
liver, particularly the liver of Mustulus laevis, the dogfish, 
and Conger conger, the conger eel (Fishman, 1955); the digestive 
tract of terrestrial and marine molluscs including Helix 
pomatia, the edible snail, Littorina littorea, the large 
periwinkle, Patella vulgata, the limpet, (Dodgson, et al, 
1953) and Crassostrea gigas, the oyster (Koburger and Miller, 
1985; Singh and Ng, 1986) . Activity increases when the organism 
is starved, which may suggest that activity is, at least 
partially, attributable to bacteria or parasites (Dodgson, 
et al, 1953). Locust crop fluid contains /3-glucuronidase, 
although this also may be of microbial origin (Robinson, et 
al, 1952).
In the plant kingdom /3-glucuronidase occurs sporadically 
and at very low levels; bj^calinase, an extract from the roots 
of the Asian flowering plant Scutellaria biacalensis, is the 
best-known example. This has the ability to hydrolyse bi&calin 
and scutellarin, glucuronides of 5:6:7-trihydroxyflavone and 
5:6:7:4'-tetrahydroxyflavone respectively. Similarly emulsin, 
an extract of almonds, has also been demonstrated to hydrolyse 
these compounds (Lewy, 1954) .
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2.2 The enzyme.
The enzyme /3-D-glucuronidase (EC 3.2.1.31) catalyses the 
hydrolysis of /3-glucuronides to form glucuronic acid and alcohol 
(Fishman and Green, 1957) (Fig. 2.1).
It was first purified and characterized from ox kidney 
by Masamune in 1934 (cited by Lewy and Marsh, 1960) . It 
is a hydrolytic enzyme, the equilibrium favouring the 
hydrolysis, rather than synthesis, of /3-glucuronides; efficient 
synthesis of /3-glucuronides in vivo is accomplished by the 
enzyme glucuronyl transferase (Lewy and Marsh, 1960).
In mammalian cells /3-glucuronidase is contained, with 
other hydrolytic enzymes, within the lysosomes (de Duve, et 
al, 1955) maintaining the enzyme virtually inactive in healthy, 
undamaged tissue. An increase in /3-glucuronidase activity 
may be associated with a malignant neoplastic tumour, as 
demonstrated by Boy land et al in 1954, suggesting that lysosomes 
may have some involvement in the disease.
The mammalian enzyme is reported to be a globulin, with 
an isoelectric point at pH 4.85; it is stable up to 50°C with 
activity approximately doubling for every 10°C increase in 
temperature. It is able to hydrolyse all naturally occurring 
/3-D-glucosiduronic acids at an optimum pH of either, or both, 
pH 4.5 and 5.2 (Lewy and Marsh, 1960).
/3-glucuronidase probably has a digestive role in molluscs 
and locusts since it hydrolyses /3-D-glucopyranosiduronates 
present in many complex polysaccharides found in plant material 
and marine algae (Kilian and Biilow, 1976; Dodgson, et al, 
1953) . The origin of the enzyme in these organisms may however 
be due to the presence of symbiotic bacteria as demonstrated 
by Karunairatnam and Lewy (1951) in the rumen of sheep.
E. coli /3-glucuronidase is stable up to 50 °C with a broad 
pH optimum of pH 5.0-7.5 (Dalgaard, 1983); it is completely 
inhibited by Cu++ , Hg++ and Ag+ but this effect can be reversed 
in the presence of chelating agents (Doyle, et al, 1955).
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Figure 2.1
The hydrolytic action of /3-D-glucuronidase.
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The 1809 base pair DNA sequence of uidA, the gene coding for 
/3-glucuronidase in E. coli, has been determined by Jefferson 
et al (1986) , and the 602 amino acid sequence predicted agrees 
with that of the purified enzyme.
It is an inducible enzyme able to facilitate growth by 
yielding D-glucuronate from /8-D-glucuronides. Although the 
enzyme also has activity against /3-galacturonides (Novel and 
Novel, 1976a) these substrates are unable to induce enzyme 
production and only constitutive mutants are able to metabolize 
/3-galacturonides as the sole source of carbon.
The ability to utilize the various /3-glucuronides found 
in the contents of the human gut may represent an evolutionary 
adaptation of E. coli, providing a ecological niche that other 
enteric organisms are unable to exploit. These /3-glucuronides 
include complex plant polysaccharides, chondroitin sulphate 
and glucuronide derivatives of drugs and steroid hormones, 
produced by glucuronyl transferase in the liver as part of 
the detoxification mechanism (Kilian and Biilow, 1979; 
Macfarlane, et al, 1991).
Gorbach, (1990), has suggested that bacterial enzymes, 
including /3-glucuronidase, may have important toxicological 
consequences as they are able to catalyse the conversion of 
procarcinogens to carcinogens in the colon; dietary 
supplementation with Lactobacillus acidophilus has been 
demonstrated to suppress enzyme activity, reduce procarcinogen 
activation and delay the development of colonic tumours.
Phenolic and indolic compounds produced by deamination 
of aromatic amino acids are normally detoxified in the liver 
by glucuronide or sulphate conjugation and excreted in urine. 
Bacterial /3-glucuronidase activity can reconvert these to 
the original phenolic and indolic compounds. Although these 
do not appear to be carcinogenic themselves, there is increased 
production of these metabolites in a variety of disease states 
and there is evidence that they act as co-carcinogens (Cummings 
and Macfarlane, 1991) .
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2.3 Molecular biology of ff-qlucuronidase control in E. coli.
The first enzyme in the hexuronide-hexuronate pathway in 
E. coli is /8-glucuronidase (Ashwell, 1962; Novel, et al, 1974) 
(Fig. 2.2). All the enzymes in the pathway are inducible 
and induction of uidA leads to the sequential induction of 
the whole pathway (Baudouy-Robert, et al, 1970).
The uidA gene encodes the amino acid sequence of 
/8-glucuronidase (Novel and Novel, 1971) and uidR is the specific 
regulatory gene for uidA. Both are located at min 36 on the 
E . coli genetic map (Bachmann, 1990) . The product of uxuR, 
the specific regulatory gene of the UxuBA operon, also has 
a weak regulatory function for the uidA gene (Novel and Novel, 
1976b) . Growth on /8-glucuronide requires the successive action 
of an inducible permease (Stoeber, 1957) and an inducible 
hydrolase (Didier-Fichet and Stoeber, 1968a; b).
Control of the uidA operon is effected by catabolite 
repression, the uidR gene product and the uxuR gene product. 
Sensitivity of uidA to catabolite repression was reported 
by Novel and Novel (1976b). This mechanism allows cells to 
economize on the production of many inducible catabolic enzymes 
in the presence of glucose. The concentration of cAMP is 
low in cells grown on a glucose containing medium; however, 
the concentration of cAMP rises when glucose is depleted serving 
as a "hunger-signal". Catabolite gene activator protein (CAP) 
is a dimer of identical 22-kd subunits each containing a 
DNA-binding domain and a cAMP-binding domain.
A complex of CAP and cAMP is able to stimulate 
transcription, by binding to a specific sequence within the 
operator region of the gene and enhancing RNA polymerase binding 
(de Crombrugghe, et al, 1984) possibly as a result of an 
additional interaction site for the polymerase being created 
with the bound cAMP-CAP complex (Fig. 2.3).
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Figure 2.2
Catabolic pathway for y©-glucuronide, hexuronates and hexanates. 
(Simplified from Neidhardt, 1987).
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Figure 2.3
Induction of transcription of uidA,
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The DNA sequence of the operator region of uidA has been 
determined by Blanco et al (1985b) , and Jefferson et al (1986) , 
and both suggest that the region of dyad symmetry centring 
on base 221 (after the EcoRI site) is probably the site of 
CAP-cAMP binding. It agrees with the consensus described 
by de Crombrugghe et al (1984), and it is next to the RNA 
polymerase binding site (Fig. 2.5). Specific regulation of 
production of /3-glucuronidase is brought about by the repressor 
protein products of uidR and uxuR (Novel and Novel, 1974) 
acting to negatively control uidA (Fig. 2.4). The 
/3-glucuronidase regulatory gene is
located at min 36 on the genetic map; the product, 
UidR, is suggested to be a monomer with a molecular weight 
of between 18,000 and 80,000 (Blanco, et al, 1982).
Production of mannonate hydrolase (EC 4.2.1.8) and 
mannonate oxidoreductase (EC 1.1.1.57) is controlled by the 
UxuBA operon located at min 98 on the genetic map (Bachmann, 
1990). uxuR Codes for the specific repressor of the operon 
but this protein also effects weak repressive control over 
the expression of uidA (Novel and Novel, 1976b).
Both uidR and uxuR are induced in the presence of glucose 
(Blanco, et al, 1985a) and each is weakly repressed by the 
synthesis of its own product (Blanco, et al, 1985a; Ritzenthaler 
and Mata-Gilsinger, 1982). Autogenous regulation of other 
regulatory genes has been reported by Casadaban, (1976) ,
Hugovieux-Cotte-Pattat and Robert-Baudouy, (1982) , and Kelley 
and Yanofsky, (1982).
Complete repression of uidA is only achieved in the 
presence of both repressors (Blanco, et al, 1986) . The gene 
is principally regulated by UidR which has a high binding 
affinity with the uidA operator (Blanco, et al, 1985a). Blanco 
et al (1986) , have proposed that UidR and UxuR interact after 
binding to the operator site of uidA, probably by interaction 
between adjacent protein chains and they have suggested that 
the binding of one regulatory molecule may facilitate binding 
of the other in a co-operative process.
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Figure 2.4
Repression of transcription of uidA.
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Study of the nucleotide sequence of the uidA regulatory 
region (Blanco, et al, 1985b; Jefferson, et al, 1986) has 
indicated the position of the promoter sequence, the ribosome 
binding site and several possible repressor binding sites; 
two sequences of dyad symmetry in particular overlap the -10 
and -35 regions of the proposed promoter and these possibly 
provide the binding sites for UidR and UxuR (Fig 2.5).
/3-glucuronidase production requires the derepression 
of uidA to induce synthesis of the enzyme. /3-D-Glucuronides 
lift the repression caused by UidR. UidR probably has a greater 
binding affinity for /3-D-glucuronides than for the DNA binding 
site resulting in a molecule that can no longer bind to the 
operator region. Similarly, D-glucuronate and D-fructuronate 
can lift the repression caused by UxuR and permit full 
expression of uidA (Novel and Novel, 1976b).
The coding region for the inducible /3-glucuronide permease, 
demonstrated biochemically by Stoeber, (1957), has not 
positively been identified because mutations that are unable 
to grow on a glucuronide medium map to uidA, suggesting that 
the permease gene is tightly linked to uidA. The sequence 
of uidA determined by Jefferson et al (1986), indicates a 
second translationally active open reading frame, of at least 
340 bp, the initiator codon overlapping the translation 
terminator of the uidA gene. By analogy to the lac operon 
Jefferson et al (1986) have suggested that the coupled open 
reading frame may encode the inducible permease, described
, , a t
by Stoeber (1957), that facilitps the uptake of /3-glucuronides.
/3-glucuronidase permease is probably similar to the 
inducible lac permease depicted by Kaback et al (1990), and 
to specific permeases for amino acids, taking the form of 
a hydrophobic protein embedded in the cytoplasmic membrane; 
with the ability to harness energy from the proton gradient 
to transport /3-glucuronides against a concentration gradient.
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Figure 2.5
Sequence of the promotor region of uidA demonstrating possible 
binding sites for regulatory proteins (Adapted from Jefferson, 
et a l ,  1986).
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Studies using a specific 18-base gene-probe for the 
E. coli uidA gene demonstrated the presence of the gene sequence 
in 69 out of 73 MUG positive and all 43 MUG-negative E . coli 
strains tested, including 12 0157 :H7 strains, suggesting that 
the gene is present, if not expressed, in most E. coli (Feng, 
et al, 1991).
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2.4 Use of ff-qlucuronidase as a marker for E. coli.
/3-Glucuronidase has been used as a biochemical marker for 
E. coli in direct plating techniques and most-probable-number 
(MPN) tests using either of the two principal synthetic 
/3-glucuronidesubstrates: 4-methylumbelliferone-/3-D-glucuronide 
(MUG) and p-nitrophenol-/3-D-glucuronide (/3GA) .
Hydrolysis of MUG by /3-glucuronidase results in the release 
of the fluorescent moiety 4-methylumbelliferone (Fig. 2.6) ; 
this can be detected directly by illumination with ultra-violet 
light at 366nm. Thus, fluorescence can be used as a visual 
indicator of /3-glucuronidase activity. Incorporation of MUG 
into solid media combines the convenience of isolation on 
solid medium with the specificity of production of 
/3-glucuronidase by E. coli and Shigellae, within the 
Enterobacteriaceae.
MUG has been included in modified MacConkey agar (Trepeta 
and Edberg, 1984; Edberg, et al, 1986) , Violet Red Bile agar 
(VRBA) (Alvarez, 1984; Hahn, 1987; Weiss and Humber, 1988) 
and Tryptone Soya agar (TSA) (Weiss and Humber, 1988).
Other groups have developed novel media containing MUG 
for the isolation or confirmation of E. coli. These include: 
Peptone-Tergitol-Glucuronide agar designed for enhanced recovery 
and direct enumeration of E. coli in food (Damare, et al, 
1985; Frampton, et al, 1988); a medium based on Plate Count 
agar that includes the selective agent monensin, potassium 
chloride and MUG for the determination of both the total 
Gram-negative andF. coli populations in food and environmental 
samples (Petzel and Hartman, 1985); and a buffered MUG agar 
for the direct identification of E. coli on hydrophobic grid 
membrane filters (Entis and Boleszczuk, 1990) . All these 
media were reported to provide a simple, economical method 
to rapidly identify E. coli either from clinical specimens 
or foods, with the exception of frozen mixed vegetables which 
were reported to contain flavobacteria responsible for 
false-positive MUG reactions (Petzel and Hartman, 1985).
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Figure 2.6
Hydrolysis of 4-methylumbelif erone-6-D-glucuronide 
by 6-glucuronidase.
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MUG has also been incorporated in liquid media for MPN 
enumeration of E. coli. The addition of MUG to Lactose broth 
(LB) provides both a presumptive coliform enumeration based 
on gas formation and an immediate confirmation of E. coli 
based on fluorescence (Alvarez, 1984; Hahn, 1987). Similarly, 
MPN tests in Lauryl Tryptose broth (LST) containing MUG can 
be used to enumerate both presumptive coliforms and E. coli 
in food and water samples, with the additional advantage that 
the indole test may be performed (Feng and Hartman, 1982; 
Robison, 1984; Koburger and Miller, 1985; Moberg, 1985; Singh 
and Ng, 1986; Andrews, et al, 1987; Moberg, et al, 1988).
The fluorogenic assay was reported by Feng and Hartman, 
(1982), to be sufficiently sensitive and rapid to detect a 
single viable cell in 20 hours and to be superior to VRBA 
for the detection of heat and chlorine damaged cells. By 
eliminating the need for the faecal coliform broth step the 
LST-MUG MPN method reduced the time required for the assay 
from 4-6 days to two and a half days (Moberg, 1985) . A 
collaborative study by the Association of Official Analytical 
Chemists (AOAC) proposed the adoption of the method as an 
alternative to the existing method (Moberg, et al, 1988). 
False-positive results, attributable to /3-glucuronidase 
producing staphylococci, were reported by Moberg (1985) and 
both false-positive and false-negative reactions were reported 
by Singh and Ng (1986); however, they concluded that if 
E. coli were confirmed biochemically from fluorescent tubes 
then this assay provided a more sensitive and rapid method 
than the existing MPN method.
Endogenous /3-glucuronidase activity in oysters interfered 
with E. coli enumeration in LST-MUG MPN. However, the addition 
of MUG to EC broth rather than to LST provided a reliable 
confirmatory medium for E . coli in these samples (Koburger 
and Miller, 1985; Rippey, et al, 1987; Andrews, et al, 1987) .
Damoglou et al (1988) have included MUG in Brilliant 
Green 2% Bile Broth (BGBB) and MacConkey broth for the 
enumeration of E . coli in beansprouts.
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The Colilert system, developed by Edberg and Edberg, 
(1988), is based on "defined substrate technology". This 
aims to prevent the growth of competitive bacteria by only 
providing sustenance for the target micro-organisms; the growth 
of these organisms is indicated by the release of a chromogen 
from the defined substrate. The Colilert test employs 
o-nitrophenyl-/3-D-galactopyranoside (ONPG) as a specific 
nutritional substrate for coliforms, as all this group, 
including E. coli, constitutively produce the enzyme 
/3-galactosidase. It also employs MUG as a second defined 
substrate specifically for E. coli that requires production 
of /3-glucuronidase to hydrolyse the substrate and create the 
fluorescent product. Thus, samples containing coliforms will 
produce a yellow colour in the medium and only samples 
containing E . coli will cause the medium to fluoresce. The 
method, in a 10-tube MPN format (10 tubes of medium each 
inoculated with lOmL of the sample) recommended by the American 
Public Health Association (APHA) for the examination of potable 
water (Greenberg, etal, 1985), and a lOOmL presence-or-absence 
(P-A) format, has been extensively evaluated for assessing 
the microbial quality of water (Edberg, et al, 1988; Edberg, 
etal, 1989; Covert, et al, 1989; Lewis and Mak, 1989; Edberg, 
et al, 1990; Rice, et al, 1990).
The 10-tube MPN was found to be as sensitive as the 
standard MPN method for coliforms and E, coli without the 
need for additional confirmatory tests (Edberg, et al, 1988; 
Edberg, et al, 1990).
Presence-or-absence testing, extensively used in the 
United States, is based on the premise that coliform organisms 
should be absent from lOOmL samples of potable water. The 
presence, rather than the number, of coliforms in the sample 
is indicated by this approach. Results of P-A Colilert tests 
correlated with results achieved by membrane filtration for 
total coliforms (97%) . A comparison of methods for E. coli 
was less encouraging, E. coli could not be isolated from either 
of the two fluorescence-positive tubes and was recovered 
from two fluorescence-negative tubes (Lewis and Mak, 1989).
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These results contrasted with the observations of Edberg, 
et al, (1989) who reported no false-positive tests and an 
acceptable correlation between the Colilert methods, both 
10-tube MPN and P-A formats, and standard methods.
Lee and Hartman, (1989), have described an alternative 
approach to the conventional P-A method by the supplementation 
of the dehydrated medium with crystalline MUG. This is 
sterilized by irradiation in plastic bags and rehydrated by 
the addition of the water sample. No statistically significant 
difference was reported between this method and two other 
P-A methods.
MUG has been incorporated into membrane Endo broth and 
LST broth for the enumeration of E. coli in seafood and water 
samples by membrane filtration methods. The specificity of 
membrane Endo-MUG broth for E . coli in seafood samples is 
reported to be 90%, with a false-positive rate of 10% (Alvarez, 
1984) . Addition of MUG to LST broth increased the specificity 
of the method for E. coli in environmental water samples and 
facilitated automated counting of positive colonies using 
an image analyzer (Cheung, et al, 1991).
A modification of the MPN method was proposed by Feng 
and Hartman (1982) for the rapid enumeration of E . coli, in 
serially diluted sewage samples, employing Tryptone Soy-MUG 
agar dispensed in microtitre plates.
Although MUG has been promoted as a reliable and convenient 
differential test for E. coli since 1973, ultra-violet light 
is required to visualize the results and background fluorescence 
of glass test-tubes and samples may cause interference with 
the test (Entis and Bolszczuk, 1990).
The colour imetric substrate, p-nitrophenol-/3-D-
glucopyranosiduronic acid (/3GA) , has also been incorporated 
into established and novel media for the identification of 
/3-glucuronidase producing species. p-Nitrophenol is liberated 
by enzymatic hydrolysis and alkaline conditions promote the 
formation of the yellow p-nitrophenoxy ion (Fig. 2.7).
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Figure 2.7
Hydrolysis of p-nitrophenol-/?-D-glucuronide by /?- 
glucuronidase.
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The advantage of this, and other chromogenic, substrates, 
over MUG, is that /3-glucuronidase activity can be detected 
visually without an ultra-violet light source.
A peptone-/8GA agar was developed and evaluated by 
Henrichsen (1986) for the presumptive identification of E. 
coli from urine samples (the most commonly isolated organism 
in cases of significant bacteriuria) by direct plating. On 
the medium /3-glucuronidase producing organisms grew as 
lime-green colonies, allowing 86.4% of E. coli infections 
to be diagnosed from the primary plate. Ley et al (1988) 
have reported that the colour produced on /3GA containing agar 
is not retained by the colonies but released into the 
surrounding medium, making selection of /8-glucuronidase-positive 
colonies more difficult.
The use of /3GA in Sorensen Phosphate buffer to determine 
the /8-glucuronidase status of isolates, within 1 hour at 35°C, 
has been described by Edberg and Trepeta (1983) and Edberg 
et al (1986). Similarly, commercially available diagnostic 
/8-glucuronidase tablets, containing /8GA have been used to 
assess rapidly the /8-glucuronidase activity of heavy suspensions 
of isolates (Hansen and Yourassowsky, 1984; Perez, et al, 
1986).
Alternative colourimetric substrates have also been 
incorporated into media for the identification of /3-glucuronid- 
ase producing species. The medium in the PetrifilmcrM)^ . coli 
method contains, in addition to coliform selective agents, 
a /8- glucuronidase specific indicator dye that precipitates 
as a permanent blue halo around colonies producing the enzyme. 
Matner et al (1990) concluded that the Petrifilm method compared 
favourably with the AOAC MPN method for E. coli, and may even 
be more sensitive for detecting low numbers of organisms.
Growth of E . coli on a solid medium containing the 
chromogenic substrate indoxyl-/8-D-glucuronide (I/3DG) yields 
sharp, indigo-blue stained colonies, providing a medium for 
membrane filtration analysis of environmental water samples 
(Ley, et al, 1988) . Sharpe et al (1989) also included I/8DG
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into a solid medium for the identification and enumeration 
of E. coli on hydrophobic grid membrane filters.
The chromogenic substrate 5-bromo-4-chloro-3-indoly 1-/3-D- 
glucuronide (X-GLUC), which liberates a blue chromogen on 
hydrolysis, has been described and evaluated in solid medium 
for use with food and environmental water samples. Results 
obtained on peptone-tergitol agar containing X-GLUC compared 
well with the results of peptone-tergitol-MUG agar (Frampton, 
et al, 1988) and the standard 3-tube MPN (Restaino, et al, 
1990). A pour plate method using a medium containing X-GLUC 
for the enumeration of E . coli in shellfish and waste water 
produced 1% false-negative and 5% false-positive results 
(Watkins, et al, 1988).
James and Yeoman (1988) described an agar-based medium 
containing 8-hydroxyquinoline-/3-D-glucuronide and a ferric 
salt. Hydrolysis of the substrate by /3-glucuronidase yields 
8-hydroxyquinoline (8-HQ), a colourless compound that has 
a high capacity for metal ion chelation. The ferric ion chelate 
of 8-HQ is stable and pigmented, leading to intensely black 
localized pigmentation of /3-glucuronidase positive colonies. 
However, when this medium was compared with a MUG containing 
medium only 80% of biochemically profiled E. coli were positive 
in contrast to 97% on a MUG medium.
Another approach for demonstrating the presence of 
/3-glucuronidase is immunoassay although these techniques are 
often expensive. Most immunoassays utilize antibodies directed 
to surface antigens. However, the numerous serogroups of E. 
coli and cross-reacting antigens shared with other members 
of the Enterobacteriaceae make immunological identification 
of the species difficult. Several intracellular constituents 
of E. coli, including /3-glucuronidase, provide antigens that 
are more specific than surface antigens. Two alternative 
immunological approaches have been described by Kaspar et 
al (1987) . Both novel assays react polyclonal /3-glucuronidase 
antiserum with cell lysates of broth cultures of presumptive 
positive MPN tubes. The antiserum prepared against E. coli 
/3-glucuronidase reacted specifically with Escherichia and
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Shigella enzyme, with no cross-reactions with /8-glucuronidase 
from other bacterial species, shellfish or bovine sources 
(Holt, etal, 1989). /8-Glucuronidase coagglutination requires 
a minimum of 31/tig mL"1 enzyme in lysis buffer and ideally 500/xg 
mL_1to give a positive agglutination reaction, making the test 
rather insensitive. The enzyme-capture method involves reacting 
cell lysate with polyclonal anti-/3-glucuronidase immobilized 
on microtitre plates. Bound /8-glucuronidase can subsequently 
be reacted with either MUG or /8GA to visualize the reaction. 
Holt et al (1989), have successfully employed this method 
for the rapid detection and enumeration of E. coli in oysters 
in conjunction with the standard 3-tube LST MPN.
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2.5 The present project: Applications and limitations of
a test for ^-glucuronidase.
Of the range of methods described for the identification and 
enumeration of E, coli using either a fluorogenic or 
chromogenic substrate, many of which have been published during 
the course of this project, none are directly quantitative, 
relying either on plate counts or MPN techniques for their 
enumerative properties.
For many samples, guidelines for E. coli have been 
prescribed; for example, potable water and cook-chill foods. 
A rapid test of compliance with the guidelines for E. coli 
would provide a useful additional quality control tool.
There are three potential limitations immediately apparent. 
The enzyme /3-glucuronidase is not exclusive to E. coli but 
also produced in shellfish, molluscs, fish liver and mammalian 
tissues and endogenous /3-glucuronidase in oysters has been 
reported to cause false-positive reactions in an LST MPN method 
(Koburger and Miller, 1985) . This may limit the application 
of a /3-glucuronidase assay to those foods which do not contain 
endogenous enzyme and to heat treated foods. Samples containing 
large numbers of non-F. coli /3-glucuronidase producing 
organisms, as reported for frozen vegetables by Petzel and 
Hartman (1985), may give false-positive results. Also, as 
the synthesis of /3-glucuronidase is partially controlled 
by catabolite repression, foods containing high concentrations 
of glucose may give false-negative results in a /3-glucuronidase 
assay.
The aims of this project were to investigate the potential 
for quantitative assessment of 0-glucuronidase activity to 
serve as the basis for the direct and rapid enumeration of 
E, coli in food and environmental samples.
A successful assay protocol would be of use to the quality 
control agencies of the food and water industries producing 
results more quickly and simply to check for compliance with 
prescribed guidelines for E. coli. A test requiring a minimum 
of laboratory equipment would also be particularly useful
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in developing countries for monitoring food and water samples 
in the field.
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Chapter 3 GENERAL MATERIALS AND METHODS.
Bacterial Strains.
All the bacterial cultures (Tables 3.1, 3.2 and 3.3) were 
maintained on nutrient agar slants stored at 4°C, with the 
exception of Lactobacillus plantarum which was maintained 
on MRS agar slants.
A panel of 20 E. coli strains, comprising of 19 
/3-glucuronidase-positive environmental isolates and a single 
/3-glucuronidase-negative control strain, was supplied by Ashford 
Public Health Laboratory (Table 3.2). These 20 strains are 
referred to as the "Ashford panel" and were used to model 
the reported incidence of /3-glucuronidase-positive E. coli 
strains (Kilian and Bulow, 1976; Hansen and Yourassowsky, 
1984; Edberg, et al, 1990) in the development of a test for 
E, coli based on /3-glucuronidase activity.
A panel of 20 E. coli strains isolated from food samples 
during the course of the project was referred to as the "Isolate 
panel" (Table 3.3) . This comprised 19 /3-glucuronidase-positive 
strains and a single /3-glucuronidase-negative strain. All 
the strains were isolated from food on MacConkey agar or 
Anderson and Baird-Parker plates and identified by the API 
20E identification system. /3-Glucuronidase activity was assessed 
for each strain at 37°C in a medium containing the chromogenic 
substrate /3GA.
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Table 3.1 
Table of species.
Species Source
Escherichia coli A.T.C.C. 25922
Serratia marcesjens University of Surrey 
Culture Collection
Enterobacter cloacae University of Surrey 
Culture Collection
Citrohacter diversus University of Surrey 
Culture Collection
Citrobacter freundii University of Surrey 
Culture Collection
Klebsiella pneumoniae University of Surrey 
Culture Collection
Pseudomonas aeruginosa University of Surrey 
Culture Collection
Staphylococcus aureus University of Surrey 
Culture Collection
Bacillus cereus University of Surrey 
Culture Collection
Lactobacillus plantarum University of Surrey 
Culture Collection
E . coli - 19 strains Isolated from food, water and 
faeces.
Supplied by Ashford PHL, Kent.
E. coli VTEC 0:157 Supplied by Ashford PHL, Kent.
E. coli - 2 0  strains Isolated from food.
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Table 3.2
Properties of the Escherichia coli strains supplied by Ashford 
Public Health Laboratory.
Strain No. Source P-Glucuronidase
status
Other details
A Control Negative VTEC 0:157
B Control Positive -
C Unknown Positive Gas +/-
G Unknown Positive Indole Neg
K Unknown Positive NLF
L Unknown Positive Delayed p-gluc.
3545 Faeces Positive -
3550 Faeces Positive -
3552 Faeces Positive -
5469 Food Positive -
5470 Food Positive -
5502 Food Positive -
5519A Greek cheese Positive -
5519B Greek cheese Positive -
5628 Watercress Positive -
5629 Watercress Positive -
5653 Lake water Positive -
5654 Lake water Positive -
5660 Lake water Positive -
5662 Lake water Positive -
Notes:
NLF = Non-lactose fermenter 
/3-gluc = /^-glucuronidase reaction
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Table 3.3
Properties of the Escherichia coli strains isolated from foods.
Strain No. Source P-Glucuronidase
status
Other Details
Al Chicken Positive -
A2 Chicken Positive -
A3 Chicken Positive -
A4 Chicken Positive -
A8 Chicken Positive -
A9 Chicken Positive -
2 Beefburger Positive -
3 Brie Positive -
4 Brie Positive -
5 Brie Positive -
6 Brie Positive -
E12 Chicken Positive -
182-12 Minced beef Positive Biotype 1
182-14 Minced beef Positive Biotype 1
44.1 Nam Positive Biotype 1
44.2 Nam Positive Biotype 1
44.5 Nam Positive Biotype 1
45.2 Nam Positive Biotype 1
45.6 Nam Positive NLF
45.10 Nam Negative -
Notes:
NLF = Non-lactose fermenter
| Nam is a traditional Thai fermented sausage.
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Inoculum Preparation.
Test organisms were grown up individually in broth culture 
for 18 hours. P. aeruginosa was grown in nutrient broth at 
30°C, L. plantarum was grown in MRS broth at 30°C, and all 
other strains were grown in nutrient broth at 37°C.
Mixtures of either panel of 20 E. coli strains, were 
prepared by adding an 18 hour broth culture (0.5mL) of each 
strain to a sterile bottle and mixing for 2 seconds on a Vortex 
mixer before enumeration.
Components of the competitor microflora were enumerated 
individually before broth cultures (lmL) were mixed in a sterile 
bottle.
Inoculum levels were determined by preparing a decimal 
serial-dilution of broth culture in maximum recovery diluent 
(MRD) (sodium chloride, 8.5mg/mL; bacteriological peptone, 
lmg/mL; adjusted to pH 7+/-0.2) and enumerating by the Miles 
and Misra technique (Miles and Misra, 1938) on Plate Count 
agar incubated for 18-24 hours at 30°C for P. aeruginosa, 
and at 37°C for all other species. L. plantarum was enumerated 
by the same technique on MRS agar incubated at 30°C in a 
microaerophilic environment for 2 days.
Samples.
A variety of naturally contaminated and E. coli spiked water 
and food samples were used in the development and assessment 
of a method to determine /3-glucuronidase activity (Tables 
3 .4 and 3.5).
Preparation of Food Homogenates.
Foods were stored at 4°C before testing. Samples (lOg), 
aseptically weighed into sterile polythene bags, were 
homogenized with MRD (90mL) for 2 minutes in a Colworth 400 
stomacher (A.J. Seward and Company, London) to yield 10'1 
dilution of food. Sterile 'Tween 80 (lmL) was added to high 
fat foods such as soft cheese and minced beef prior to 
homogenization. Further serial 10-fold dilutions were prepared 
in MRD.
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Table 3.4 
Water samples
Sample E. coli source
Lake 1 
Lake 2 
Stream 
River Wey 
Potable supply 
Lake 2
Natural 
Natural 
Natural 
Natural 
Natural 
Settled raw sewage
Table 3.5 
Food Samples
Sample E . coli source
Minced beef Natural
Chicken neck skin Natural
Nam* Natural
Beansprouts Natural
Brie Natural
Camembert Natural
Raw milk Natural
Pasteurized milk Spiked
UHT milk Spiked
Cooked minced beef Spiked
Cook-chill meals Spiked
; * A traditional Thai spiced and fermented pork sausage.
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Media and chemicals.
Dehydrated media and medium components were supplied by Oxoid 
unless otherwise stated. Chemicals of analytical grade were 
supplied by BDH unless otherwise stated.
pH Measurements.
pH Measurements were made with a Griffin model 80 pH meter 
(Griffin and George Ltd., UK) calibrated with pH 7 and 9.2 
buffers at 20°C.
Preparation of whole cell preparations.
Whole cell preparations were used for the investigation of 
extracellular /3-glucuronidase activity. E, coli (A.T.C.C. 
25922) was grown on an appropriate growth medium (50mL) (44°C, 
18 hours). Cells were concentrated by centrifug ing at 
30,000r.p.m. for 10 minutes at 0°C (Beckman GPR Centrifuge) 
and resuspended in ice cold Phosphate Buffered Saline (PBS) . 
This procedure was repeated three times to wash the cells 
and remove the growth medium. The cells were finally 
resuspended in PBS (50mL).
Preparation of cell-free extracts.
Cell-free extracts were used to investigate intracellular 
/3-glucuronidase activity. E. coli (A.T.C.C. 25922) was grown 
on an appropriate growth medium (50mL) (44°C, 18 hours).
The culture of E. coli (50mL) to be sonicated was concentrated 
by centrifug: ing at 30,000 r.p.m. for 10 minutes at 0°C (Beckman 
GPR Centrifuge) and resuspended in ice cold PBS. This procedure 
was repeated three times to wash the cells and remove the 
growth medium. E. coli resuspended in PBS (50mL) were sonicated 
at amplitude 3 (MSE sonicator) on ice for 3x3 0 seconds, at 
30 second intervals._
Unlysed cells and cell debris were concentrated and removed 
! by centrifugation at 30,000 r.m.p. for 10 minutes at 0°C
i
! and membrane filtration (0.22jjm filter) of the supernatant.
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Detection of 4-Methvlumbelliferone.
4-Methylumbelliferone (MU), the fluorescent product of 
hydrolysis of 4-methylumbelliferone-/3-D-glucuronide (MUG) 
by /3-glucuronidase, was detected by illuminating culture medium 
with a longwave UV lamp 366nm (MineralightR lamp UVGL-58; 
Ultraviolet Products Inc. California USA). Plastic tubes 
were used for the detection of fluorescence as many glass 
tubes are themselves fluorescent.
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Cultural methods of enumeration.
1) The Miles and Misra surface viable counting method. 
The procedure described by Miles and Misra (1938) was used 
to enumerate the inoculum for both pure and mixed culture 
experiments.
A serial decimal dilution of the broth culture in MRD
was prepared and Plate Count agar, inoculated with six replicate
drops (0.02mL) of each dilution from a 50-drop pipette held
vertically. The medium was sufficiently dry to absorb the
drops in 15-20 minutes. Following 24 hours incubation at
37°C dilutions demonstrating discrete colonies in each drop
area were counted and the concentration of colony forming 
Cc.r.u.')
unitsAin the inoculum calculated.
2) The spread Plate method.
Plate Count agar was inoculated by spreading a sample dilution 
(O.lmL), prepared in MRD, over the surface with a sterile 
glass spreader. Replicate each dilution were incubated 
at 20°C for 72 hours and the number of colonies counted provides
an estimate of the number of C.P.U ; viable in these
conditions. This method was used to calculate the concentration 
of aerobic mesophilic organisms in milk and food samples.
3) The pour plate method.
Molten, tempered MacConkey agar (without salt) (15mL), was 
added to an aliquot of sample or sample dilution in MRD (lmL) 
in a sterile petri dish and mixed by rotation and agitation. 
Duplicate plates were prepared for each sample or dilution. 
Once set the medium was incubated at 37°C for 18-24 hours. 
This method was used to identify enterococci and coliforms 
in raw milk and food samples.
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Cultural methods for the enumeration of E. coli.
1) Standard membrane filtration method for enumeration of
E. coli in water samples.
The organisms are isolated on a membrane placed on an absorbent 
pad saturated with broth containing lactose and phenol red 
as an indicator of acidity. Gas and indole production are 
confirmed subsequently.
Water samples (O.lmL, lmL and lOmL) were each filtered 
through a sterile membrane (0.2/xm). Each membrane was 
incubated, face-up, in a sealed petri dish on an absorbent 
pad saturated with Membrane Lauryl Sulphate Broth, for 4 hours 
at 30°C and then for 14 hours at 44°C. All bright yellow 
colonies were regarded as presumptive E. coli and subcultured 
into Lactose Peptone Broth (Peptone lOmg/mL; Sodium chloride 
5mg/mL, May and Baker Analytical Reagents; Lactose lOmg/mL; 
Phenol red lOjug/mL; [pH7]) and Tryptone Water. Following 
incubation at 44°C for 24 hours yellow colonies that produced 
acid and gas in Lactose Peptone Water and indole in Tryptone 
Water were regarded as E, coli.
2) Most probable number (MPN1 test for E. coli in foods.
The MPN test is a method that can be applied to the enumeration
of E. coli in food samples. A food homogenate in MRD (10'1) 
was further diluted in MRD (10‘2, 10'3, 10*4, and 10'5) . For each 
dilution 3 tubes of MacConkey Broth (9mL) were inoculated 
with sample (lmL) and incubated at 37°C for 48 hours. Gas 
positive tubes were each subcultured into Brilliant Green 
(2%) Bile Broth (BGBB) and Peptone Water and incubated at
44°C for 24 hours. Production of gas in BGBB and indole 
production in the corresponding Peptone Water indicates the 
presence of faecal coliforms in the original MacConkey Broth. 
From the results the most probable concentration of these 
organisms in the sample can be calculated.
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3) Enumeration of E . coli bv the Anderson and Baird-Parker 
Method.
The direct plating enumeration technique for E. coli, as 
described by Anderson and Baird-Parker (1975) and modified 
by Holbrook et al (1980), was used as a reference method.
Water Samples (lmL, lOmL or lOOmL) were filtered through 
a sterile membrane filter (cellulose acetate filter, 47mm, 
0.22/xm pore size; Millipore Corp. or cellulose nitrate filter,
47mm, 0.45jnm pore size; Sartorius GmbH Fed. Rep. Germany);
c. . . .
for resusitation, the filter was placed on Minerals Modified
Glutamate agar (MMGA), prepared by adding bacteriological 
agar (No. 1), 15mg/mL, to Minerals Modified Glutamate medium. 
Homogenates of food samples, diluted appropriately in MRD, 
(O.lmL) were spread over duplicate sterile membrane filters 
placed on MMGA. The plates were incubated, membranes uppermost, 
at 37°C for 3 hours.
The filters were transferred, with forceps, to Tryptone 
Bile agar, without trapping air bubbles beneath the membrane 
or disturbing micro-colonies by using a spreader. Petri dishes 
were sealed with tape to prevent desiccation and incubated 
inverted, in a metal jar, for 18-20 hour at 44°C submerged 
in a waterbath.
Following incubation indole reagent (5% p-dimethylamino- 
benzaldehyde; Sigma Chemical Co., in IN HC1) (0.5mL) was placed 
in the upturned lid of the petri dish; using forceps, the 
membrane was lowered face-up onto the reagent. After 5 minutes 
excess reagent was removed and the stained membrane placed 
under a longwave (365nm) UV lamp (Mineralight R Lamp UVGL-58; 
Ultraviolet Products Inc. California, USA) (30min.); indole 
positive colonies, stained pink, were counted.
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^-Glucuronidase Assay Protocols.
1) The multiple tube protocol.
0-Glucuronidase (0-G) medium containing p-nitrophenol-0-D- 
glucuronide (0GA) (0.03mg/mL; Sigma Chemical Co.) tryptone 
(25mg/mL) , and sodium chloride (5mg/mL) was filter sterilized 
(0.22jiim pore size filter; Millipore Corp.) and dCsper»SBcJ (4.5mL) 
into sterile bottles. 0-G Medium was inoculated with a premixed 
broth culture or dilution (0.5mL) containing the organisms 
under test and incubated at either 37° or 44°C. At each 
sampling time the contents of a bottle were filtered (Minisart 
NML, 0.22/im pore size; Sartorius GmbH, Fed. Rep. Germany), 
to remove turbidity associated with bacterial growth. Carbonate 
buffer (anhydrous Na2C0314mg/mL and NaHC036mg/mL [pH9.3]) (lmL) 
was filtered, to rinse the membrane filter, into the clarified 
medium to increase the pH, enhancing colour production by 
promoting ionization of p-nitrophenol. The optical density 
(OD) of the filtrate was measured at 400nm (Pye Unicam SP6-450 
spectrophotometer) against a reagent blank. For each inoculum 
two bottles were sampled to obtain duplicate readings. The
mean
detection time, corresponding to an increase in OD of 0.05 
above the OD at t0, was read from a graph of OD against time.
2) The single bottle protocol.
0-G medium was dispensed in 90mL volumes into sterile bottles, 
prewarmed to 44°C and inoculated with lOmL premixed broth 
culture dilution, sample, or sample dilution and incubated 
at 44°C. At each sampling time samples of medium (5mL) were 
withdrawn, filtered, buffered and the OD measured as in the 
multiple tube protocol. Duplicate readings were not made 
and the detection time was again determined from a graph of 
OD against time.
* In most instances a 0.22j^ m membrane filter was used however 
this was occasionally replaced by a 0.4^/m membrane filter. 
The pore size was not critical for the removal of turbidity j 
from the samples and therefore both could be used. .j
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3) Filtration//3-Glucuronidase Protocol.
The sample size was increased for water samples by membrane 
filtration, to allow detection to be achieved more quickly. 
Organisms from a lOOmL or 250mL water sample were concentrated 
by filtration through a membrane filter (0.2/xm) . The filter 
and lOmL sterile MRD were used to inoculate 90mL /3-G medium 
and the single bottle /3-glucuronidase protocol was followed.
4) Pretreatment / /3-Glucuronidase Protocol.
The pretreatment of milk samples with a proteolytic enzyme 
and a surfactant to facilitate filtration for direct 
epifluorescent filter technique (DEFT), as described by 
Pettipher (1989) , was used for the filtration of milk samples 
in the /3-glucuronidase assay. During the incubation period 
somatic cells are lysed and fat gobules become more fluid. 
The milk sample (2mL) was added to Bactotrypsin (Difco) (0.5mL) 
and Triton X-100 (0.5%, v/v)(2mL), mixed and incubated at 
50°C in a waterbath for 10 minutes. The treated sample was 
filtered through a 0.2/zm membrane filter, prewarmed by filtering 
Triton X-100 (0.1%,v/v, at 50°C)(5mL). Residual milk was 
rinsed out with Triton X-100 (0.1%,v/v, at 50°C)(5mL) and 
filtered. Finally, the membrane was rinsed by filtering Triton 
X-100 (0.1%,v/v, at 50°C)(5mL).
The filter and lOmL sterile MRD were used to inoculate 
90mL /3-G medium and the single bottle protocol was followed.
5) The Lovibond Comparator Protocols.
The Lovibond "1000" Comparator (Tintometer, Salisbury, UK) 
is a device for assessing colour intensity by comparing the 
test with a reagent blank viewed through a coloured filter, 
equivalent to a known chromogen concentration. Discs containing 
a series of filters are supplied for a range of chromogens; 
a disc calibrated with pNp in milk (0, 6, 10, 14, 18, 25, 
and 42/Ltg/mL) , available for the phosphatase test, was used 
for /3-glucuronidase determinations.
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i) Food and water protocol.
/3-G Medium (90mL) volumes was inoculated with water sample, 
food homogenate or broth culture dilution (lOmL) incubated 
at 44°C for 15 hours. At the end of the incubation period 
two 5mL samples were withdrawn; one sample was buffered with 
carbonate buffer (anhydrous Na2C0314mg/mL and NaHC03 6mg/mL 
[pH9.3]) (lmL) and colour production was assessed using the 
comparator, the second sample was treated with Kovac's reagent 
(5g p-dimethyl-aminobenzaldehyde, Sigma Chemical Co, dissolved 
in 75mL amyl alcohol, Sigma Chemical Co., and 25mL concentrated 
HC1) to detect indole production.
ii) Milk protocol.
Buffered /3-glucuronidase medium (90mL) (/3GA, 0.03mg/mL, Sigma 
Chemical Co.; tryptone, 25mg/mL, Oxoid; sodium chloride, 5mg/mL, 
May and Baker Analytical Reagents; disodium hydrogen phosphate, 
2.3mg/mL; potassium dihydrogen phosphate, 0.4mg/mL; and 
sterilized by membrane filtration, 0.22/zm pore size, Millipore 
Corp.) was inoculated with milk sample (lOmL) , and incubated 
at 44°C 15 hours. Following incubation two samples (5mL) were 
withdrawn; one was buffered with carbonate solution (anhydrous 
Na2C035.6mg/mL [pH9.7]) (lmL) and colour production was assessed 
using the comparator, the second sample was treated with Kovac's 
reagent to detect indole production.
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Chapter 4 DEVELOPMENT OF A COLOURIMETRIC ASSAY FOR THE 
ENUMERATION OF Escherichia coli BASED ON 8- 
GLUCURONIDASE ACTIVITY.
4.1 Introduction.
The substrate p-nitrophenol-/3-D-glucuronide (/3GA) can be 
incorporated into microbiological media to act as an indicator 
of /3-glucuronidase activity (Kilian and Biilow, 1979; Henrichsen, 
1986), a metabolic marker for E . coli amongst the Entero- 
bacteriaceae (Kilian and Biilow, 1976; 1979). Enzymatic
hydrolysis of /3GA releases p-nitrophenol (pNp) ; alkaline 
conditions promote the formation of the chromogenic 
p-nitrophenoxy ion (Fig. 2.7). This can be seen as the 
development of a yellow colour in the medium, and can be 
measured spectrophotometrically. A colourimetric assay of 
/3-glucuronidase activity could, potentially, be used as a 
test for E. coli in food and water samples that is more rapid 
than traditional methods.
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4.2 Results and Discussion,
4.2.1 Foundation for the assay.
The kinetics of colour production by E. coli from /3GA in a 
liquid medium, was assessed as a function of E . coli inoculum 
size. Different concentrations of a single strain of E. coli 
(A.T.C.C. 25922) were inoculated into a /3-glucuronidase assay 
medium (GT medium; Table 4.2) containing the concentration 
of /3GA used in commercial diagnostic tests. Following the 
multiple tube /3-glucuronidase assay protocol, tubes were 
incubated at 37°C and colour development was determined in 
hourly samples (Fig. 4.1) . Figure 4.2 illustrates the colour 
of the clarified medium, following the addition of carbonate 
buffer.
Colour development in the medium showed a lag period 
followed by a phase of rapid pNp production. During this 
phase an inoculum of 0.5mL containing 2.8xl06CFU/mL E. coli 
demonstrated an increase irHDD of 0.9 in one hour, representing 
an average increase of 0.075 OD every 5 minutes (Fig. 4.1).
Turbidity, caused by a concentration of E . coli 
>5xlOsCFU/mL, was detectable at 400nm as an increase in OD 
before colour was produced. It was therefore necessary to 
remove the cells from the medium. In these initial experiments 
turbidity was removed by centrifugation (3000rpm for 5 minutes) . 
Centrifugation of the samples required more than 5 minutes, 
from taking the sample, to adding carbonate buffer to the 
supernatant. During this time colour production continued 
at a rapid rate. Filtration of the sample through a 0.2/zm 
membrane filter, completed within 1 minute, provided a more 
rapid method for removing turbidity and allowed more precise 
determination of chromogen hydrolysis at the sampling time. 
As a consequence, the error between replicate samples indicated 
in Figure 4.1 was much reduced when centrifugation was replaced 
by filtration followed by filtering the carbonate buffer into 
the clarified sample (see later Figures, 4.8, 4.9, 4.10).
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Figure 4.1
Development of colour in glucuronidase tryptone medium.
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Table 4.1
Detection times for the inocula shown in Figure 4.1.
Inoculum (CFU/mL) Detection Time (hr)
2 . 8xl06 1 . 1 ^
2 . 8 X 1 0 4 5.1
2 . 8 X 1 0 2 7 . 1
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Figure 4.2
Development of colour in /3-glucuronidase assay medium.
The optical density in the medium, measured at 4 00nm against 
a reagent blank: 0, 0.052, 0.082, 0.319, 0.76, 1.062.
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Once cells were removed from the medium no further colour 
development occurred over the following 5 hours, even in the 
absence of carbonate buffer (Table 5.1) . However, the medium 
was light sensitive and strong sunlight produced an increase 
in OD in the absence of E. coli presumably as a result of 
photolysis of the chromogen. The lag period, preceding colour 
appearance, increased with decreasing inoculum size; it was 
quantified by measuring the time for the OD to increase by 
0. 05 compared with uninoculated controls. This detection 
point appears as a slight yellow colouration (second bottle 
from the left in Fig. 4.2). The length of the lag phase is 
expressed as the detection time. This suggested that the 
kinetics of /?-glucuronidase activity might be a means for 
enumerating E. coli. It was therefore decided to investigate 
the effect of medium formulation on colour development and 
detection time.
A plot of the log concentration of E. coli in the inoculum 
and the detection time in GT medium, sug^ este an inverse linear 
relationship (Fig. 4.3).
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Figure 4.3
The relationship between log inoculum concentration of 
E. coli A.T.C.C. 25922 and the detection time in GT medium, 
for the inocula shown in Figure 4.1 and Table 4.1.
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4.2.2 Media for the assessment of fl-qlucuronidase
activity.
4.2.2.1 Chromogen hydrolysis at the detection time.
A 1 mmolar solution of p-Nitrophenol (pNp) in carbonate buffer 
was diluted in carbonate buffer (pH 9.3) to give a range of 
concentrations of pNp. The OD of these solutions was measured 
at 400nm (Fig. 4.4).
p-Nitrophenol (pNp) has a pk^ of 7.15 and alkaline 
conditions (pH 9.3) promote the formation of the more strongly 
coloured p-nitrophenoxy ion. Dissolved in water the 
p-nitrophenoxy ion gives a strongly yellow solution (Xmax 
400nm, €15000) whereas pNp gives a less intensely coloured 
greenish-yellow solution (Xmax 320nm, €9000) .
This difference is attributed to electronic and structural 
differences between the two molecules (Fig. 4.5). The 
p-nitrophenoxy ion contains a strongly electron-donating -0“ 
group and a strongly electron-accepting -N02 group. These have 
the effect of extending the conjugation and the high degree 
of electron delocalization associated with this system is 
related to the absorption spectrum.
The standard curve of the OD of pNp at pH 9.3 (Fig. 4.4) 
demonstrates a linear relationship between the concentration 
and OD, up to 0.05 mmolar pNp and an OD of 1. The concentration 
of pNp required to give detectable colour, 0.05 OD, was 
0.0025mmolar or 0.348mg/L representing the hydrolysis of 
0.84mg/L /3GA in the /3-glucuronidase assay.
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Figure 4.4
Standard curve of Optical Density of p-nitrophenol in carbonate 
buffer pH 9.3.
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Figure 4.5
A comparison of the structure of p-nitrophenol and the 
p-nitrophenoxy ion.
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4.2.2. 2 Nutritional formulation of the sssa^ -) .
Using the standard jSGA concentration (1 mmolar), the effect 
of slight modifications in nutrient content of the medium 
were investigated (Table 4.2) . Using the tryptone water with 
tryptone supplement (TW+T) medium, the minimum concentration 
of /3GA for the detection of 0-glucuronidase activity was 
investigated (Table 4.2).
Media were compared by inoculating each with the same 
concentration of a single strain of E. coli (A.T.C.C. 25922) , 
following the single bottle assay protocol at 37°C. The 
development of colour (Fig. 4.6) and the growth of E. coli 
were measured and the results are presented in Table 4.3.
The principal component of all the media was tryptone, 
a tryptic digest of casein, containing a range of amino acids 
including tryptophan, a substrate for the production of indole 
by E . coli. This provided a second test for the presence of 
E. coli in the medium in addition to colour production by 
0-glucuronidase. Additional tryptone in one formulation (TW+T) 
was included in case growth of the organism was limited by 
a lack of carbon or nitrogen. Sodium chloride was included 
to improve the osmotic pressure of the medium and reduce the 
risk of plasmolysis of the cells. The effect of a readily 
utilized carbohydrate source on the rate of colour production 
was evaluated by the addition of 1% glucose to the medium.
Detection was achieved most rapidly in the tryptone 
supplemented tryptone water (TW+T) and the tryptone water 
(TW) media (Table 4.3), with no significant difference in 
detection time.
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Table 4.2
/3-glucuronidase assay media formulations.
Media Tryptone
mg/mL
NaCl mg/mL PGA mg/mL Glucose
mg/mL
GT 15 0 0.3 0
TW 10 5 0.3 0
TW-Glu 10 5 0.3 10
TW+T 25 5 0.3 0
PGA 0.5 
(mmolar)
25 5 0.15 0
pGA 0.25 
(mmolar)
25 5 0.075 0
PGA 0.1 
(mmolar)
25 5 0.03 0
GT = Glucuronidase tryptone medium
TW = Tryptone water medium
TW-Glu = Tryptone water and glucose medium
TW+T = Tryptone water medium supplemented with
tryptone.
Table 4.3
The concentration of E. coli CFU/mL at the detection time, 
and the mean detection time, for an inoculum of E . coli in 
four nutritional formulations of /3-glucuronidase medium (Table 
4.2).
Medium Inoculum
conc.
E. coli 
log CFU/mL
Initial
conc.
E . coli 
log CFU/mL 
medium
Detection 
time conc. 
E . coli log 
CFU/mL 
medium
Detection 
Time (hr.)
GT 5.83 4.83 7.30 4.0
TW 5.83 4.83 7.33 3.1
TW-Glu 5.83 4.83 7.70 4.5
TW+T 5.83 4.83 7.28 3.6
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Figure 4.6
Development of colour in a variety of nutritional formulations 
of /3-glucuronidase medium inoculated with the same concentration 
of E. coli.
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A reduction in the detection time of 0.38 hours, compared 
to the basal medium (GT) (Table 4.3), suggested that the 
inclusion of sodium chloride, at either tryptone concentration, 
provided a significant improvement in the medium.
The concentration of E. coli at the detection time was 
similar for these three media, but the rate of growth was 
faster in the two tryptone water media and appeared to account 
for the reduction in detection time.
Addition of 1% glucose to the medium prolonged the 
detection time by 0.50 hours compared to GT medium, and 0.88 
hours compared to the tryptone water media. The concentration 
of E. coli at the detection time was increased by approximately 
3.02xl07 CFU/mL, compared to the unsupplemented media. This 
suggests that catabolite repression is an important feature 
of the control of the enzyme /3-glucuronidase. Enzyme production 
is only induced following depletion of glucose, with a 
consequent delay in the detection time and increase in the 
concentration of cells in the medium.
Figure 4.4 shows that only 0.348mg/L pNp is required 
for detectable colour (0.05 OD) . This represents hydrolysis 
of 0.84mg/L /3GA. The original medium (GT medium, Table 4.2) 
contained a substrate concentration of 1 mmolar ( 200^ |l_), 
the concentration used in commercial diagnostic /3-glucuronidase 
tests. For detectable colour to be produced in a 1 mmolar 
solution of /3GA only 0.28% of the substrate would be hydrolysed, 
suggesting that the substrate is present in a large excess. 
Detectable colour represents hydrolysis of 0.56%, 1.12%, and 
2.8% of the available substrate in 0.5 mmolar, 0.25 mmolar, 
and 0.1 mmolarA (Table 4.2) respectively (Fig. 4.7
and Table 4.4). Concentrations of /3GA less than 0.1 mmolar 
were not used because this concentration would probably be 
growth limiting. For example, the organism's Ks for lactose 
is 20mg/L (Monod, 1942).
Detection of E. coli in the medium with the lowest 
concentration of /3GA (0.1 mmolar) required 0.17 hours longer 
than in the 0.5 mmolar /3GA medium.
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Figure 4.7
Development of colour in /8-glucuronidase medium containing 
different concentrations of /8GA each inoculated with the same 
concentration of E, coli.
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Table 4.4
Detection times for ^ -glucuronidase medium containing different 
concentrations of 0GA, inoculated with the same concentration 
of E. coli (Figure 4.7).
Concentration of 0GA 
(mmolar)
Detection Time (hr)
0.50 3.0
0.25 3.1
0.10 3.2
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However, the lower substrate concentration represented an 
80% reduction in /3GA and consequently a considerable cost 
saving.
These media contained complex sources of carbon available 
to E. coli which is known to be able to utilise a variety 
of amino acids (Brenner, 1984) . Since /3-glucuronidase is 
an inducible enzyme the presence of other carbon sources might 
delay enzyme expression thus delaying detection, as demonstrated 
in a medium containing glucose (Table 4.3 and Fig. 4.6) . For 
this reason synthetic media were tried in which /3GA represented 
the sole carbon source; any growth would necessarily result 
in /3GA hydrolysis and colour production. These media may allow 
detection to be achieved more quickly, with fewer cells present 
in the medium at the detection time.
For growth to occur on the synthetic media, all growth 
requirements must be provided and the organism must produce
orv
/3-glucuronidase to growA/3GA. A double strength synthetic medium 
should overcome any deficiencies in the concentration of 
available nutrients and may allow growth to proceed more 
rapidly.
Supplementation of synthetic media with yeast extract 
provided other additional carbon sources, vitamins and other 
growth factors. Production of /3-glucuronidase was not essential 
for growth on these media.
Single and double strength synthetic media, (SSS and 
DSS), (NH4C1 lmg/mL and 2mg/mL; MgS04 0.132mg/mL and 0.264mg/mL; 
KH2P043mg/mL and 6mg/mL; Na2HP046mg/mL and 12mg/mL; /3GA 0.03mg/mL 
and 0.06mg/mL) containing /3GA as the sole source of carbon, 
were prepared; together with similar single and double strength 
media containing yeast extract (2mg/mL and 4mg/mL) (SSS+Y 
and DSS+Y) where /3GA was not the sole source of carbon. As 
with the /3-G medium, detection on SSS and SSS+Y required 
hydrolysis of 2.8% of the /3GA, whereas only 1.4% of the /3GA 
needed to be hydrolysed for detection on DSS and DSS+Y.
Using the single bottle /3-glucuronidase assay protocol 
at 44°C, the detection time and growth rate of E. coli in 
these four media and /3-G medium were compared (Table 4.5).
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The mean log CFU/mL at the detection time in SSS and 
DSS are 5.26 and 4.50 respectively, compared to 7.51 in /3-G 
medium (Table 4.5) . Therefore, fewer generations are required 
for detection in the synthetic media. Comparison of the mean 
doubling times for E, coli on the synthetic media (SSS 0.76 
hr., DSS 1.03 hr.) with that observed in /3-G medium (0.32 
hr.) demonstrates that, although detection may be achieved 
in fewer generations in a minimal medium where the only source 
of carbon is the substrate, each generation time is more than 
twice that observed with /3-G medium. Table 4.6 shows that 
there was no net saving in the detection time on synthetic 
media, compared to that expected for the inoculum on /3-G medium 
(from Fig. 4.12), except when the inoculum size approached 
the concentration required for detection.
As there was an increase in the generation time in DSS 
compared to SSS, rather than a reduction, none of the 
nutritional components of SSS would appear to be growth 
limiting.
Addition of yeast extract to the media (SSS+Y and DSS+Y) 
had the effect of reducing the mean generation time from 0.76 
and 1.03 hours, on SSS and DSS, to 0.40 and 0.35 hours 
respectively. This approached the 0.32 hour mean generation 
time observed in /3-G medium (Table 4.5). This probably reflects 
the growth promoting effect of yeast extract by providing 
complex organic nitrogen. The mean log CFU/mL E. coli at 
the detection time was increased in these media compared to 
the synthetic media, and approached that observed in /3-G medium 
(Table 4.5); 6.74 in SSS+Y and 6.58 in DSS+Y, compared to 
5.26 in SSS and 4.50 in DSS, and to 7.51 in /3-G medium.
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Table 4.5
Comparison of the detection time and growth of E . coli on
/3-G medium, synthetic media containing /3GA
as the sole carbon source and media containing yeast extract.
Medium E . colia E. colih E. colic Doubling 
Time (hr)
Detection 
Time (hr)
P-G 6.88 5.88 7.60 0.30 2.6:
4.88 3.88 7.45 0.30 4.6
2.88 1.88 7.46 0.35 6.5
SSS 5.39 4.39 5.40 0.75 3.2
4.75 3.75 5.15 0.80 4.5
4.22 3.22 5.20 0.80 5.0
3.57 2.57 5.25 0.70 6.9
DSS 4.57 3.57 4.58 0.95 4. Cb
3.57 2.57 4.40 1.10 6.2,
SSS+Y 4.66 3.66 6.75 0.40 4.6
3.64 2.64 6.73 0.40 6.1
DSS+Y 4.66 3.66 6.60 0.30 3.9-
3.56 2.56 6.55 0.40 5.7
a E. coli log CFU/mL in the inoculum.
b E. coli log CFU/mL in medium at t0.
c E. coli log CFU/mL in medium at the detection time.
/3-G /3-glucuronidase medium.
SSS Single strength synthetic medium.
DSS Double strength synthetic medium.
SSS+Y Single strength synthetic medium + yeast extract.
DSS+Y Double strength synthetic medium + yeast extract.
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Although the number of generations and concentration of 
E. coli at the detection time is reduced with the synthetic 
/3GA media there was no significant reduction in the detection 
time compared to /3-G medium. The addition of yeast extract 
to the synthetic media reduced the detection time but did 
not reduce the detection time compared to /3-G medium (Table 
4.6) .
As a result of these experiments the /8-glucuronidase assay 
medium (/3-G) (0.03mg/mL /3GA, 25mg/mL tryptone, and 5mg/mL
sodium chloride) was selected as the medium that provided 
the most rapid and economical detection of E. coli and was 
used in all subsequent experiments.
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Table 4.6
Comparison of the observed detection time and the expected 
detection time (from Fig. 4.12 - a calibration curve relating 
log CFU/mL E. coli in the inoculum and detection time for 
a mixed population of E. coli strains at 44°C) in synthetic 
media containing /3GA as the sole carbon source.
Medium Log E.coli 
CFU/mL 
inoculum
Expected 
detection 
time (hr) 
(x)
Observed 
detection 
time (hr)
(y)
Net 
difference 
in detection 
time (hr) 
(x-y)
SSS 5.39 3.68 3.15 0.53
4.75 4.38 4.50 -0.12
4.22 4.94 5.00 -0.06
3.57 5.65 6.90 -1.25
DSS 4.57 4.55 3.95 0.60
3.57 5.65 6.20 -0.55
sss+y 4.66 4.45 4.60 -0.14
3.64 5.55 6.10 -0.55
DSS+Y 4.66 4.45 3.90 0.55
3.56 5.65 5.70 -0.05
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4.2.3 Colour production and growth of E. coli at 37°
and 44°C.
E . coli is reported to grow at elevated incubation temperatures 
up to 45.5°C (Thatcher and Clarke, 1978). As enzyme activity 
increases with increasing temperature a comparison was made 
between incubation at 37° and 44°C. Following the multiple 
tube /8-glucuronidase assay protocol with a single inoculum 
concentration of a single strain of E. coli (A.T.C.C. 25922) 
(Fig. 4.8) the detection time at both temperatures were compared 
(Table 4.7).
The higher temperature gave a substantially shorter
detection time. It also has the advantage of being selective
for E . coli. This is exploited in the Eijkman test, to
differentiate E. coli biotype I from other coliforms by the
production of acid and gas from lactose at an elevated
temperature (Eijkman, 1904 cited by Chordash and Insalata,
1978) . A few strains of Klebsiella spp. and Enterobacter spp. 
to
are also able^produce acid and gas from lactose but these 
can be differentiated from E, coli by the IMViC profile of 
tests (Harrigan and M'Cance, 19=?6). Production of indole at 
44°C is characteristic of E. coli (HMSO, 1982). Although 
/8-glucuronidase production appears to be very specific to 
E. coli, a "built-in" indole test at 44°C would provide a 
useful confirmatory test for E. coli.
The activity of the mammalian enzyme is reported to 
approximately double for every 10 °C rise in temperature (Lewy 
and Marsh, 1960) and Dalgaard, (1983) , has reported that E. 
coli /8-glucuronidase is stable up to 50°C. An increase in 
the incubation temperature of the assay should increase the 
activity of the enzyme in vivo; this may be at least partly 
responsible for the reduction in detection time observed at 
44°C (Table 4.7) . The reduction in detection time may also 
be due to a difference in the growth rate of E. coli at the 
two temperatures.
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Figure 4.8
Development of colour in /3-G medium, inoculated with the same 
concentration of E • coli, incubated at 37 and 44°C.
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Table 4.7
Detection times for /3-G medium, inoculated with the same 
concentration of E. coli, incubated at 37 and 44°C.
Temperature (° C) Detection Time (hr)
37 3-1
44 2 . b
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Using the Ashford panel of 20 mixed E. coli strains growth 
and /3-glucuronidase activity were assessed at two temperatures 
(Figs. 4.9 and 4.10). The log concentration of E. coli at 
the detection time remained remarkably constant (Table 4.8) 
at approximately 7.90 at 37°C and 7.50 at 44 °C, despite large 
variations in the inoculum size. This suggests that the 
detection time is closely related to the time taken for the 
population to increase to this level. The growth curves 
illustrate (Figs. 4.9 and 4.10) that the lag phase of growth 
was shorter at 44°C than at 37°C, and that although the 
subsequent growth rate was sV^'^r, the population required 
for detection was achieved more quickly at 44°C. The mean 
concentration of E. coli at the detection time at 44°C was 
half that at 37°C. This suggests that the shorter detection 
time was due to increased enzyme activity at the higher 
temperature.
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Figure 4.9
Hydrolysis of /3GA and growth of E. coli in /?-G medium at 37°C 
for a mixed inoculum of 20 E. coli strains, including 1 /?- 
glucuronidase-negative strain.
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Figure 4.10
Hydrolysis of /?GA and growth of E. coli in /3-G medium at 44°C 
for a mixed inoculum of 20 E. coli strains, including 1 /3- 
glucuronidase-negative strain.
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84
Table 4.8
Summary of the result shown in Figures 4.9 and 4.10.
Temperature
(°Q
Inoculum cone. 
E. coli log 
CFU/mL
Initial conc. E. coli 
log CFU/mL 
medium
Detection time 
conc. E. coli log 
CFU/mL medium
Doubling 
time (hr)
Detection time 
(hr)
37 6.90 5.90 8.15 0.30 3.7
4.90 3.90 7.75 0.30 S.So
2.90 1.90 7.90 0.30 7..G>
44 6.88 5.88 7.60 0.35 2.6;
4.88 3.88 7.45 0.35 4.6
2.88 1.88 7.46 0.35 6.5.
* Determined from growth curves Figs. 4.9 and 4.10.
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4.2.4 Replacement of ffGA chromoqen bv the fluoroaen
methvl-umbellifervl-fl-D-qlucuronide (MUG) .
The chromogenic and fluorogenic /3-glucuronidase substrates 
have both been incorporated into media for the isolation and 
identification of E. coli (Section 2.2.4). A comparison of 
the substrates was made in the tryptone assay medium to assess 
whether one was hydrolysed more rapidly or if one product 
could be detected at a lower concentration, allowing earlier 
detection of (3-glucuronidase activity. /3-Glucuronidase medium 
was prepared containing either O.lmmolar /3GA or MUG. Using 
the single bottle /3-glucuronidase assay protocol at 44°C, 
media were inoculated with the same concentration of a single 
strain of E. coli (A.T.C.C. 25922). Samples of medium
containing /3GA were treated as described in the protocol; 
whereas, lmL carbonate buffer was added to samples of medium 
containing MUG but turbidity was not removed. Colour production 
was measured spectrophotometrically and fluorescence was 
assessed subjectively (Table 4.9). The growth rate of the 
organism in both media was compared (Fig. 4.11).
E. coli grew at a similar rate in both media, with no 
evidence of toxicity from the fluorochrome. Table 4.9 
illustrates that detection of pNp occurred approximately 0.5 
hours before detection of methylumbelliferone (MU). The minimum 
concentration of MU detectable visually was 0.1/xmolar, 
determined by limiting dilution of a standard solution. 
Fluorimetric measurement would probably have detected a lower 
concentration in which case the difference in the detection 
of the two products would have been less pronounced.
Both substrates have been employed in commercially 
available diagnostic tests for /3-glucuronidase activity. 
However, the fluorogenic substrate is substantially more 
expensive than /3GA and an ultra-violet lamp is required to 
detect fluorescence. For more accurate measurement of the 
product fluorimeters are less widely available than simple 
spectrophotometers. Therefore an assay with a coloured product 
would be more appropriate and applicable, to field situations 
and use in developing countries.
86
Table 4.9
Development of colour and fluorescence in O.lmmolar /?GA or 
MUG media inoculated with the same concentrations of E. coli.
Time
(hr) log C 
6.17
|5g a mediur 
:FU/mL ino
4.17
n
culum
2.17
]
log C 
6.17
4UG mediun 
FU/mL ino
4.17
culum
2.17
0.0 0.00 0.00 0.00 Neg Neg Neg
1.0 0.00 0.00 0.00 Neg Neg Neg
1.5 0.00 0.00 0.00 Neg Neg Neg
2.0 0.00 0.00 0.00 Neg Neg Neg
2.5 0.00 0.00 0.00 Neg Neg Neg
3.0 0.00 0.00 0.00 Neg Neg Neg
3.5 0.02 0.00 0.00 Neg Neg Neg
4.0 0.37 0.00 0.00 Pos Neg Neg
4.5 - 0.03 0.00 Pos Neg Neg
5.0 - 0.13 0.00 - Pos Neg
5.5 - - 0.01 - Pos +/“
6.0 - - 0.02 - - +/“
6.5 - — 0.16 — - Pos
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Figure 4.11
Growth of E. coli at 44°C in O.lmmolar /?GA or MUG media 
inoculated with the same concentrations of E. coli.
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o 1 2 3 4 5 6
Time (hr)
B-G 1.5x105 B-G 1.5x104 6-G1.5x103
 B  --- A  ----e---
MUG 1.5x10s MUG 1.5x10* MUG 1.5x10s
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4.2.5 Relationship between the locr inoculum concentration
of Escherichia coli at the detection time in the 
^-glucuronidase assay.
An inverse linear relationship was demonstrated between the 
log concentration of the E. coli inoculum and the detection 
time (Fig. 4.3). This relationship could form the basis for 
a calibration curve for the enumeration of E. coli in the 
inoculum. The effects of modifications to the assay medium 
and the protocol on this relationship were investigated.
Following the multiple tube /3-glucuronidase assay protocol 
at 37°C, /3-G medium was inoculated with dilutions of a single 
strain of E. coli (A.T.C.C. 25922) and the detection time 
determined. The inverse linear relationship between the 
detection time and the log CFU/mL E. coli in the inoculum 
was maintained (Fig. 4.12).
The detection time correlated well (r=0.99) with the 
log of the inoculum E. coli concentration for the 14 inocula 
tested, (y = -0.88x + 9.46).
Samples naturally contaminated with E. coli would be 
expected to contain a number of different strains of the 
organism; except possibly, when processed foods have been 
recontaminated with a strain that has colonized the processing 
equipment (Cox, et al, 1988) or there are very low levels 
of contamination (<10 CFU/g E. coli). For this reason a standard 
curve for E. coli inocula comprising several strains of the 
organism, including /3-glucuronidase-negative cells, would 
be more representative of environmental and food samples. 
Also, all E. coli strains, even /3-glucuronidase-positive ones, 
may not behave the same as the one used to construct the 
calibration curve (Fig. 4.12).
Kilian and Biilow, (1976) , and Hansen and Yourassowsky, 
(1984) , demonstrated that approximately 95% of E. coli strains 
are /3-glucuronidase-positive. Therefore, an inoculum was 
used made up from a panel of 20 E. coli strains, from a variety 
of sources, comprising 19 /3-glucuronidase-positive strains 
and a /3-glucuronidase-negative strain (the Ashford panel) .
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Figure 4.12
Relationship between log inoculum concentration and detection 
time in the /3-glucuronidase assay at 37°C for a single strain 
of E . coli.
Results were complied from 14 dilutions of E. coli in MRD, 
derived from 4 different overnight cultures. C* * * *0
in
co
co co co o
E
F
c
o
o
0
CD
Q
wn|noou| “iw/noo -g np Bo-j
90
This gave a similar incidence of enzyme producing E. coli 
cells to that found in nature. Following the multiple tube 
/3-glucuronidase assay protocol at 37° and 44°C, /3-G medium 
was inoculated with dilutions of the Ashford panel of E. coli 
strains. The detection time for each inoculum was determined. 
A calibration curve relating the log E. coli inoculum 
concentration and the detection time at 37°C was drawn (Fig. 
4.13) and compared to the relationship with the single E. 
coli strain (Fig. 4.12). Similarly, a calibration curve of 
the mixed E. coli strains at 44°C was drawn (Fig. 4.14) and 
compared to the calibration curves incubated at 37°C.
At both 37°C (Fig. 4.13) and 44°C (Fig. 4.14) the detection 
time correlated well (r=0.99) with the log of the inoculum 
E. coli concentration for the 14 inocula tested, even though 
these contained approximately 5% /3-glucuronidase-negative 
cells. The linear regression equations for the 20 strains 
were y= -0.99x + 10.02 at 37°C, and y = -1.07x + 9.48 at 44°C.
The plots of the relationship between log inoculum 
concentration and detection time, incubated at 37°C, were 
remarkably similar for the single and mixed E. coli strain 
inocula. The slope, m, was -0.88 and -0.99 and an inoculum 
of lxl03CFU/mL would have been detected in 7.35 and 7.20 hours, 
respectively. This suggests that the assay was robust and 
little affected by the presence of low numbers of /3- 
glucuronidase-negative cells in the inoculum.
/3-Glucuronidase has been demonstrated to be more active 
at 44°C than at 37°C (Section 4.2.3) , the slope, m, was -1.07, 
similar to that observed at 37°C; but detection was achieved 
more rapidly. An inoculum of lxl03CFU/mL would have been detected 
in 6.15 hours. Comparison of Figs. 4.13 and 4.14 shows that 
there was an overall reduction in the detection time, of 
approximately 1 hour at the higher temperature. For this reason, 
and the selective properties of the higher temperature for 
E. coli in a mixed inoculum, 44°C was chosen as the incubation 
temperature for the assay.
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Figure 4.13
Relationship between log inoculum concentration and the 
detection time in the /3-glucuronidase assay at 37°C for the 
Ashford panel of mixed E. coli strains.
Results were complied from 14 dilutions of E. coli in MRD, 
derived from 4 different overnight cultures. (*. a* m *)
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Figure 4.14
Relationship between log inoculum concentration and the 
detection time in the /3-glucuronidase assay at 44°C for the 
Ashford panel of mixed E. coli strains.
Results were complied from 14 dilutions of E. coli in MRD, 
derived from 5 different overnight cultures. (* ^
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Using the relationship between log inoculum concentration 
and detection time at 44°C (Fig. 4.14) the minimum concentration 
of E. coli that can be determined with confidence is 
approximately 50 CFU/mL E. coli. However, many environmental 
and food criteria for E. coli specify lower limits, normally 
around the detection limit for conventional plate counting 
procedures (approximately 1-10 CFU/g). For this reason a further 
calibration curve was prepared, with the Ashford panel of 
strains at 44°C, to extend the curve into this region and 
confirm its linearity (Fig. 4.15) . Extrapolation of Fig. 4.14 
suggested that 10 CFU/mL would be detectable in 8.1 hours 
and 1 CFU/mL in 9.0 hours.
The regression equation for the extended calibration 
curve (Fig. 4.15) was y= -0.92x + 8.80, comparable with that 
for Fig. 4.14. The inverse linear relationship between the 
log E. coli inoculum concentration and the detection time 
in the assay was maintained even at low inoculum concentrations 
(r=0.99) . From Figure 4.15, 10 CFU/mL E. coli in the inoculum 
were predicted to be detected in 8.78 hours and 1 CFU/mL in 
9.56 hours.
E. coli cannot be expected to occur in isolation in 
naturally contaminated samples. These will contain a mixed 
microflora with a variety of unrelated /5-glucuronidase-negative 
species. Studies of the effect of competitive organisms on 
detection of E. coli /3-glucuronidase were therefore undertaken.
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Figure 4.15
Extended calibration curve of a mixed inoculum of E. coli 
strains at 44°C.
Results were complied from 16 dilutions of E. coli in MRD, 
derived from 4 different overnight cultures. Cm *. * *)
o
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4.2.6 Effect of competitive organisms on the 
detection of E. coli.
The presence of low numbers of /3-glucuronidase-negative cells 
was shown to have little effect on the relationship between 
the log inoculum E. coli concentration and the detection time. 
However, naturally contaminated samples will, almost certainly, 
contain other /3-glucuronidase-negative species. The effect 
of competitive species on the detection time and the enumeration 
of E. coli determined from the calibration curve was 
investigated.
The calibration curve prepared with a single strain of 
E, coli at 37°C (Fig. 4.12) was used to esteWv^t^the inoculum 
concentration of E. coli, in the presence of a single competing
D5>'rX) mrvoVfcvJpVa. 'OQdvSvO p v o t o c S -
bacterial species, from the detection time at 37^0^(Table 
4.10) . Each competitive species was /3-glucuronidase-negative 
and likely to occur in food or environmental samples: 
Citrobacter diversus, Citrobacter freundii, Staphylococcus 
aureus and Serratia marcescens. When E . coli greatly 
outnumbered the competing species there was good agreement 
between the estimate of the E. coli concentration in the 
inoculum determined from the calibration curve and plate counts. 
However, a large excess of competing organisms had a detrimental 
effect on the results of the /3-glucuronidase assay, causing 
an overestimation of the E. coli concentration in the inoculum 
by more than half a log cycle. Reasonable agreement was 
achieved, in most cases, when the concentrations of E. coli 
and competitors in the inoculum were comparable; although 
the result from the /3-glucuronidase assay did tend to 
overestimate that determined by plate counts.
A system containing a single E. coli strain and a single 
competing species greatly simplifies the ecology of food, 
where the normal microflora will comprise several strains 
of E. coli and numerous species of other organisms.
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Table 4.10
Enumeration of E. coli by /8-glucuronidase activity at 37°C, 
in the presence of a competitive microflora.
Competing species Detection Time (hr) Inoculum conc. of 
competitors 
log CFU/mL from 
plate counts
Inoculum conc. of 
E. coli log CFU/mL 
from plate counts
Inoculum conc. of 
E. col? log 
CFU/mL from dt
C. diversus 3.55 5.37 5.74 6.33
6.04 3.37 3.74 4.15
2.10 7.63 7.66 7.62
4.55 5.63 5.66 5.45
6.65 3.63 3.66 3.65
S. aureus 2.08 3.24 7.67 m s
4.05 5.24 5.67 6.00
6.05 7.24 3.67 4.20
C. freundii 3.15 3.72 7.43 6.93
6.55 7.72 3.43 3.80
2.25 3.55 7.54 7.60
4.15 5.55 5.54 5.90
6.15 7.55 3.54 4.15
S. marcescens 2.10
4.10
6.00
3.47
5.47
7.47
7.12
5.12
3.12
7.30
5.95
4.25
Determined by the detection time in /8-glucuronidase assay 
from the calibration curve (Fig. 4.12)
dt Detection time
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Using the respective calibration curves (Figs. 4.13, 
and 4.14), the inoculum concentrations of the Ashford panel 
mixed E . coli culture were determined from the detection times 
in the /3-glucuronidase assay at 37° and 44°C, in the presence
fc&fclCL p^loco'^)
of a mixed competitive microfloraK(Table 4.11). This microflora 
was composed of equal volumes of individual 18 hour cultures 
of five species of /3-glucuronidase-negative bacteria likely 
to occur in food or environmental samples: Citrobacter diversus, 
Staphylococcus aureus, Lactobacillus plantarum, Pseudomonas 
aeruginosa and Bacillus cereus. At 37°C, there was reasonable 
agreement between the two methods when the inoculum population 
of E . coli was comparable to, or exceeded, the concentration 
of competitors. For the same concentration of E. coli, as 
the proportion of competitors in the inoculum increased, the 
detection time decreased. The colourimetric method 
overestimated the E, coli concentration by half a log cycle 
when E. coli were outnumbered 10:1, and by a full log cycle 
when out-numbered 1000:1 in the inoculum.
The reduced detection time, and consequent increase in 
the estimated concentration of E, coli in the inoculum, is 
probably a result of competition between the organisms for 
the available nutrients. Since the competitive organisms were 
all /3-glucuronidase-negative, the /3-glucuronidase production 
must be from E. coli. In a situation where competition for 
nutrients is intense E. coli must resort to utilisation of 
glucuronides earlier.
Agreement with plate counts was better when the assay 
was performed at 44°C, over a wider range of E. coli/competitor 
ratios in the inoculum, and at two concentrations of E. coli. 
With anE. coli concentration of 2.62 log CFU/mL in the inoculum 
competitors had to outnumber E. coli by a factor greater than 
104 before the result of the colourimetric assay was increased 
by more than half a log cycle compared to the plate count. 
This improvement was probably due to the selective effect 
of the incubation temperature.
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Table 4.11
Enumeration of E, coli by /3-glucuronidase activity at two 
incubation temperatures in the presence of a mixed competitive 
microflora.
Temperature (°Q Detection Time (hr) Inoculum conc. 
competitors* log 
CFU/mL from plate 
counts
Inoculum conc.
E. coli log CFU/mL 
from plate counts
Inoculum conc.
E. colP log 
CFU/mL from dt
37 4.65 7.55 4.39 5.45
4.90 6.55 4.39 5.20
5.30 5.55 4.39 4.80
5.53 4.55 4.39 4.60
5.53 3.55 4.39 4.60
44 4.40 7.39 4.48 4.85
4.58 6.39 4.48 4.65
4.65 5.39 4.48 4.55
4.65 4.39 4.48 4.55
4.70 3.39 4.48 4.50
4.70 2.39 4.48 4.50
44 5.80 7.80 2.62 3.40
6.00 6.80 2.62 3.18
6.30 5.80 2.62 2.85
6.53 4.80 2.62 2.65
6.53 3.80 2.62 2.65
6.53 2.80 2.62 2.65
a Equal volumes of overnight broth cultures of C. diversus,
S. aureus, L. plantarum, P. aeruginosa and B . cereus.
b Determined by the detection time in /3-glucuronidase assay
from the calibration curve (Fig. 4.13 or 4.14).
dt Detection time
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Inclusion of sodium lauryl sulphate (0.2mg/mL) as a 
selective agent in /3-G medium had no effect on the detection
VN rYVjVfcS.pVo_ 0*5£>3wvJ .p-otsoc.^.
times Aof the Ashford pari^ l of E . coli strains in pure culture 
(Table 4.12) . In experiments with mixed competitors, it gave 
no improvement over /3-G medium incubated at 44 °C (Table 4.13 ) .
Although estimates of the E. coli population in the 
inoculum become unreliable when E. coli is greatly outnumbered 
by competitors, the results may still be a useful indication 
of an increased bacterial concentration in the sample. However, 
it does suggest that the method may not be suitable for use 
with fermented foods which contain large numbers of organisms 
(Thatcher and Clark, 1978).
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Table 4.12
Comparison of E. coli enumeration by /^-glucuronidase activity 
in j3-G medium and /3-G medium containing sodium lauryl sulphate
Medium Detection Time 
(hr)
Inoculum conc. 
E. coll log 
CFU/mL from 
plate counts
Inoculum conc.
E . colia log 
CFU/mL from dt
P-G 2.52 6.91 6.75
4.28 4.91 •4.95
P-G+SLS 2.50 6.91 6.77
4.25 4.91 4.98
a Determined by the detection time in /3-glucuronidase assay 
from the calibration curve (Fig. 4.14)
SLS Sodium lauryl sulphate
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Table 4.13
Comparison of E . coli enumeration by /3-glucuronidase activity 
in /3-G medium and /3-G medium containing sodium lauryl sulphate 
in the presence of a mixed competitive microflora.
Medium Detection Time (hr) Inoculum conc. 
competitors1 log 
CFU/mL from plate 
counts
Inoculum conc.
E. coli log CFU/mL 
from plate counts
Inoculum conc.
E. coif1 log 
CFU/mL from dt
|8-G 5.80 7.80 2.62 3.40
6.00 6.80 2.62 3.18
6.30 5.80 2.62 2.85
6.53 4.80 2.62 2.65
6.53 3.80 2.62 2.65
6.53 2.80 2.62 2.65
jS-G+SLS 6.15 8.03 2.52 3.00
6.13 7.03 2.52 3.03
6.70 6.03 2.52 2.45
6.70 5.03 2.52 2.45
6.55 4.03 2.52 2.60
6.50 3.03 2.52 2.65
a Equal volumes of overnight broth cultures of C. diversus,
S. aureus, L. plantarum, P. aeruginosa and B . cereus.
b Determined by the detection time in /3-glucuronidase assay
from the calibration curve (Fig. 4.14)
dt Detection time
SLS Sodium lauryl sulphate
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4.3 Summary.
A medium containing a chromogenic substrate, for the enzyme 
/3-glucuronidase, has been developed for the enumeration of 
E. coli. In this medium there was a direct inverse linear 
relationship between the log E. coli concentration in the 
inoculum and time taken to develop colour, equivalent to an 
increase in OD of 0 . 0 5 .  This relationship was maintained 
for both a single E. coli strain and a mixed population of 
E. coli including 5% /3-glucuronidase-negative cells, incubated 
at 37 or 4 4 °C. The relationship between the inoculum size 
and the detection time, can be used as the basis for a 
calibration curve. The calibration curve for a mixed population 
of E. coli incubated at 4 4 °C (Fig. 4 . 1 5 )  predicts that: 4 . 4 6 X 1 0 7 
E. coli/mL in the inoculum will be detected in 1 . 1 5  hours, 
and 1 E. eoli/mL will be detected in 9 . 5 6  hours.
At an incubation temperature of 37°C a competitive 
microflora which outnumbered E . coli by 101 in the inoculum 
caused an overestimation in the number of E . coli in the 
inoculum by half a log cycle, and when the competing organisms 
outnumbered E. coli by 103 the size of the E . coli inoculum 
was overestimated by a full log cycle.
Incubation at 44°C reduced the time taken for colour 
development and allowed the procedure to be used in the presence 
of a competitive microflora that outnumbered the E. coli 
population in the inoculum by a factor of 104. Sodium lauryl 
sulphate, as an additional selective agent gave no significant 
improvement.
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Chapter 5 MECHANISM OF THE /3-GLUCURONIDASE TEST.
5.1 Introduction.
The detection time has been defined, and shown to vary with 
concentration of E. coli in the inoculum (Section 4.2.1). 
Successful application of this principle in a novel quantitative 
test for E. coli requires that some understanding is developed 
of the processes which go on within the cell and the population 
during the test.
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5.2 Results and Discussion.
5.2.1 The location and constitutive or inducible nature 
of /3-glucuronidase activity within the culture. 
The length of the detection time decreases with increasing 
inoculum concentrations of E. coli (Fig. 4.15). The 
concentration of E. coli at the detection time is consistent 
(Table 4.8), suggesting that the concentration of /3-glucuronid­
ase in the culture is an important factor in determining the 
length of the detection time.
The natural location of /3-glucuronidase is as an 
intracellular enzyme (Ashwell, 1962; Novel and Novel, 1974) . 
Stoeber (1957) demonstrated biochemically the presence of 
a specific /3-glucuronide permease. For /3-glucuronidase activity 
to occur within the cell induction and synthesis - of the 
permease is necessary, in addition to the hydrolytic enzyme. 
However, the /3-glucuronide substrate may not induce the permease 
and detection may depend on autolysis of E. coli and the 
liberation of pre-formed hydrolytic enzyme into the 
extracellular medium. Sterile filtrates of /3-G medium before 
and during colour development (Samples 1 and 2 respectively, 
Table 5.1) were used to establish the location of /3-glucuroni- 
dase activity in the culture. In both cases, there was no 
further significant colour development in the assay medium, 
reincubated at 44°C (Table 5.1). This suggests that 
/3-glucuronidase activity in the assay is primarily 
intracellular. Colour development therefore involves transport 
of the substrate into the cell, hydrolysis to form D-glucuronic 
acid and pNp (Fig. 2.7) and migration of the coloured product 
into the surrounding medium. A close association between 
the induction and synthesis of a specific permease and the 
hydrolytic /3-glucuronidase enzyme is necessary to allow efficent 
hydrolysis of the substrate. This is supported by the genetic 
evidence where the location of the coding region, within uidA, 
for the permease, proposed by Jefferson et al (1986), links 
the genes for the hydrolase and the permease in a similar 
manner to that demonstrated by the lac operon.
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Table 5.1
Development of colour in jS-G medium in the 5 hours following 
the removal of E. coli.
Length of reincubation 
after removal of E. coli
OD
Sample 1
OD
Sample 2
0 0.000 0.780
1 0.000 0.780
2 0.000 0.792
3 0.000 0.802
4 0.000 0.800
5 0.000 0.805
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The inducible or constitutive nature of /3-glucuronidase 
and the intracellular location of the enzyme were assessed 
in tryptone broth (TB), (Table 5 . 5 ) ,  a medium that did not 
contain the /3-glucuronide substrate. This medium inoculated 
with a single strain of E. coli (A.T.C.C. 2 5 9 2 2 )  and incubated 
at 44°C, was used to assess the development of intracellular 
and extracellular /3-glucuronidase activity. A sterile culture 
filtrate and a cell-free extract (Chapt. 3) were prepared 
from hourly samples of TB^medium. Following the addition 
of /3GA (0.03mg/mL) and reincubation at 44°C, colour production 
by the two preparations was used to indicate extracellular 
and intracellular enzyme activity (Table 5 . 2 ) .
No extracellular /8-glucuronidase activity was detected 
except following an extended incubation of E. coli in TB ( 2 3 . 2 5  
hours; Table 5 . 2 ) .  However, intracellular enzyme activity 
became apparent after only 2 hours growth on TB (Table 5 . 2 ) .  
Intracellular /3-glucuronidase activity increased with the 
length of the initial incubation; probably as a result of 
the increase in cell numbers, rather than an increase in the 
intracellular concentration of the enzyme.
The presence of intracellular /8-glucuronidase activity 
in cells grown in the absence of the /3-glucuronide substrate 
suggests that either there was some constitutive production 
of the enzyme, that a chemical component of tryptone acted 
as an inducer, or that extracellular protein synthesis occurred 
within the extract. A very low level of constitutive production 
of the enzyme /8-galactosidase has been reported (Stryer, 1 9 8 1 )  . 
Similar production of /8-glucuronidase may explain the absence 
of enzyme activity following 1 hour incubation in TB, as the 
cell number and consequently the enzyme concentration would 
be very low.
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Table 5.2
Comparison of the extracellular and intracellular 
/3-glucuronidase activity of E . coli in tryptone broth.
Time 1 
(hr)
Time 2 
(hr)
OD of 
culture 
filtrate 
(EC)
OD of 
cell-free 
extract (IC)
1 0.5 0 0
1.0 0 0
1.5 0 0
2.5 0 -
2 0.5 0 0.091
1.0 0 0.165
1.5 0 -
2.0 0 -
2.5 0 -
3 0.5 0 0.128
1.0 0 0.224
1.5 0 -
2.0 0 -
2.5 0 -
3.0 0 -
3.5 0 -
4 0.5 0 0.232
1.0 0 0.375
1.5 0 -
2.0 0 -
2.5 0 -
5 0.5 0 0.315
1.0 0 0.545
1.5 0 -
2.0 0 -
6 0.5 0 _
1.0 0 -
23.25 1.0 0. 038 _
2.0 0.052 —
Time 1 = Length of incubation of E . coli in tryptone broth
(TB) 44 °C.
Time 2 = Length of incubation of cell-free preparations
with /3GA 44°C.
EC = Extracellular /3-glucuronidase activity
IC = Intracellular /3-glucuronidase activity
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Comparison of the /3-glucuronidase activity of cell-free 
extracts of E. coli grown on TB and TB pretreated with 
/3-glucuronidase (0. Olmg/mL;Sigma) for 24 hours at 44 °C (Table 
5.3) revealed no consistent difference between the two 
preparations, beyond the error that could be accounted for 
by plate counts, used to assess the cell concentration. 
/3-Glucuronides should have been removed by the enzyme treatment 
of the medium, and washing the cells, before sonication, 
sufficient to dilute and remove free enzyme. Therefore, 
/3-glucuronides in the medium were not responsible for 
stimulating the production of the enzyme in the cells. It 
is possible that a non-/3-glucuronide component of tryptone 
may act as an inducer for the enzymes. Although extracellular 
/3-glucuronidase synthesis in the cell-free extract was unlikely 
to occur, it would have been prevented by the addition of 
chloramphenicol.
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Table 5.3
Rate of pNp production (mgL'hnin'1) by 106CFU/mL lysed E.coli, 
previously grown on tryptone broth and a /5-glucuronidase treated 
tryptone broth.
Medium Initial rate of pNp 
production (mgL'hnin'1)
TB l.lOxlO*3
9 . 6 2 x 1 0 ^
/5-glucTB 5 . 8 3 X 1 0 ' 3
1 .96X 10*3
/5-glucTB = /5-glucuronidase treated tryptone broth
The initial rate of pNp production (mgL^min"1) was calculated 
from the concentration of pNp produced by each extract in 
the 0.5 hours following the addition of the substrate. The 
number of cells lysed to produce each extract was calculated 
from plate counts of the cultures before and after sonication. 
This information was used to calculate the rate of pNp 
production by each extract if it had been derived from a 
population of 106 lysed E. coli.
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* It has been pointed out, and I agree, that the two "new" 
data points could be incorporated into a new regression 
line of equally good fit. However, it should be noted that 
the horizontal and vertical distances of these two points 
from the existing line is greater than for any of the other 
16 points. Further experiments would be required to 
clarify.
5.2.2 Induction of fl-qlucuronidase in E. coli.
The detection time is reduced proportionally with increasing
d r
log inoculum size (Fig. 4.15) . ExtrapolationA the calibration 
curve suggests that there is an inoculum (log 8.70 CFU/mL) 
that would demonstrate a detection time of zero (Fig. 5.1).
Using the single bottle protocol, the calibration curve 
was extended to high inoculum concentrations using both the 
single strain of E. coli (A.T.C.C. 25922) and the Ashford 
panel of E, coli strains. Colour development was assessed 
and the detection times are presented in Table 5.4. The results 
illustrated that the inverse linear relationship between the 
detection time and log inoculum size was not maintained when 
the detection times for large inocula are included in the 
calibration curve (Fig. 5.1).
The concentration of E. coli in the single and mixed 
strain inocula was approximately that predicted, by 
extrapolation of Fig. 5.1, to produced colour instantly. 
However, 0.6 and 0.75 hours, respectively, were required before 
detectable colour (0.05 OD) was produced (Table 5.4) by these 
inocula. This must reflect the time required for induction 
and synthesis of sufficent /5-glucuronide permease and 
/5-glucuronidase.
/5-G Medium does not contain an excess of substrate, 
therefore induction of cells cannot be expected to occur at 
the maximum rate. Nevertheless, it may riot be necessary for 
100% of the population to be induced and synthesizing enzyme 
for detection to occur. The population of single strain E. 
coli (Table 5.4) increased by 7.41 log CFU/mL during the 
detection time from 7.73 to 7.90 log CFU/mL. This compares 
with 7.46 log CFU/mL at the detection time derived from an 
inoculum of 2 .88 log CFU/mL E. coli (Section 4.2.3) . Assuming 
that 100% of the cells derived from the smaller inoculum were 
induced at the detection time then this corresponds to induction 
of only 3 6% of the cells, from the large inoculum.
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Figure 5.1
Relationship between inoculum size and detection time at high
E. coli inoculum concentrations.
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Table 5.4
Detection times for large E. coli inoculum concentrations.
E. coli 
culture
Log CFU/mL 
E. coli in 
the inoculum
Log CFU/mL 
E, coli in 
the medium t0
Detection 
time (hr)
E. coli 
A.T.C.C.
25922
8.73 7.73 0.60
Ashford 
panel 
E. coli
8.66 7.66 0.75
E . coli A.T.C.C. 25922 Log CFU/mL = 7.9 at the detectionI
! time.
I
; E. coli Ashford panel Log CFU/mL = 7.95 at the detection
I
| time.
(Derived from growth curves.)
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It would appear that the detection time is probably the 
time required to obtain a population of approximately log 
7.50 CFU/mL E. coli expressing the /3-glucuronidase gene, uidA, 
rather than simply the time required for the population to 
increase to this level. Therefore, even for initial populations 
greatly in excess of 7.50 log CFU/mL E . coli detection cannot 
be achieved instantly.
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5.2.3 Comparison of the ^-glucuronidase activity of
E . coli and cell-free E . coli extracts, grown on 
four different media.
To investigate further the factors governing expression of 
the /3-glucuronidase gene, a comparison was made of the 
/3-glucuronidase activity of a single strain of E. coli (A.T.C.C. 
25922) , grown on each of the four different media, the assay 
medium, the assay medium without the substrate, and both media 
supplemented with 2% glucose,described in Table 5.5. To compare 
the intracellular activity with that of whole cells, cell-free 
extracts were prepared, of cells grown on each medium (p.62}.
Sterile chloramphenicol was added to give a final 
concentration of 10/zg/mL. All the samples were equilibrated
■£d  zx.Q_Wvejj>e_ co^ce^tx3JcC<=>^\ o C
to 44°C before the addition of sterile /3GA 0.03mg/mL . Colour 
development in each of the 8 preparations was measured and 
is presented in Fig. 5.2.
Chloramphenicol is a bacteriostatic, rather than a 
bacteriocidal, agent that acts by preventing protein synthesis; 
less than 10/z/mL was required to prevent the growth of an 
initial population of lxlO7 E. coli at 44°C for 6 hours. 
Increasing concentrations of antibiotic caused a reduction 
in the population, from less than 1 log cycle with 10/zg/mL 
to 2 log cycles with 40/xg/mL, over the 6 hours. The increased 
death rate of E. coli with the higher concentration of 
chloramphenicol significantly reduced the - functional 
/3-glucuronidase activity during the following 6 hours, as 
substrate uptake is an active process. For this reason the 
less inhibitory antibiotic concentration of 10/xg/mL was used 
with whole cell preparations to produce the results presented 
in Figures 5.2 and 5.3, and Table 5.6.
The initial rate of pNp production (mgL^ min'1) for 106 CFU/mL 
for both preparations of E. coli grown on each medium was 
calculated (Table 5.6) and compared (Fig. 5.3). The rate 
of colour production for both preparations was fastest in 
cells grown in /3-G medium and slowest in cells grown in TB+G 
medium.
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Table 5.5
Formulation of media.
Component
(mg/mL)
0-G
Medium
jff-G+G TB TB+G
Tryptone 25 25 25 25
NaCl 5 5 5 5
Glucose 0 20 0 20
jSGA 0.03 0.03 0 0
0-G
j3-G+G
TB
TB+G
j8-G medium
/?-G medium + 2% glucose
Tryptone broth
Tryptone broth + 2% glucose
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Figure 5.2
Production of colour by E. coli and a cell-free E. coli extract, 
grown in four different media.
£  coli Cells
1.4
1.2
0.8
0.6
0.4
0.2
0 1 2 3 4
Time (hr.)
Cell-Free Extract
1.5
o 1 2 3 4
Time (hr.)
B-G B-G + Glucose -±- TB TB+Glucose
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Figure 5.3
Comparison of the rate of pNp production (mgL^min’1) by 106CFU/mL 
whole or lysed E.coli, grown on four different media.
0.012
+= 0.008
n  0.006
0.004
BG+G TB
Medium
Whole Cells Cell-free Extract
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Table 5.6
Rate of pNp production (mgL^min'1) by 106 CFU/mL whole or lysed
E. coli, grown on four different media.
Enzyme
preparation
Medium Observed 
initial rate of 
pNp production 
(mgL^min"1)
E. coli 
CFU/mL
Initial rate of 
pNp production by 
106 E. coli 
(mgL^min'1)
Whole E, P-G 8.46xl0'2 3.75xl07 2.25xl0'3
coli cells P-G+G 2.42xl0'2 1.06xl08 2.27X10-4
TB 7.50xl0'3 2.42xl07 3. lOxlO-4
TB+G 1.46xl0*2 1.75xl08 8.33xl0'5
Cell-free P-G 3.63x10-* 3.54xl07 1.02xl0*2
extract P-G+G 4.17xl0'2 1.34xl07 3.12xlO'3
TB 3.66xl0'2 9.50xl06 3.82xl0‘3
TB+G 2.33xl0'2 3.90xl07 5.83xl0'4
The initial rate of pNp production (mgL^min-1) was calculated 
from the concentration of pNp produced by each enzyme preparation 
in the 0.5 hours following the addition of the substrate. The 
number of cells lysed to produce each preparation was calculated 
from plate counts and this information was used to calculate 
the rate of pNp production by each enzyme preparation if it had 
been derived from a population of 106 E, coli.
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The rate was similar for cells grown in /3-G+G and TB media. 
The presence of a single /3-glucuronidase structural gene, 
uidA, suggests that the enzyme is identical for cells grown 
on each medium. Differences in the rate of colour production 
observed must therefore be due to variations in the enzyme 
concentration between the preparations.
The rate of pNp production by both cell preparations 
of /3-G medium was faster than the corresponding rates in TB 
medium, suggesting a significantly increased /3-glucuronidase 
concentration in cells grown in the presence of the substrate. 
Control of the lac operon allows a low level of /3-galactosidase 
to be present in cells in the absence of the substrate. This 
also appears to be the case in the control of /3-glucuronidase 
with detectable enzyme activity in cells grown on media that 
do not contain glucuronides (Section 5.2.1). Probably a low 
level of enzyme activity is necessary because some permease 
must be present to allow glucuronides into the cell to induce 
the enzyme. As the genetic evidence suggests that there is 
a close association between the induction and synthesis of 
the /3-glucuronide permease and /3-glucuronidase (Jefferson, 
et alr 1986) for there to be a low level of permease there 
must also be a low level of lytic enzyme.
The increased enzyme activity demonstrated in cells grown 
in /3-G medium is produced by the presence of the substrate 
in the cell, lifting repression of uidA by UidR and inducing 
transcription and synthesis of /3-glucuronidase. This induction 
process is enhanced by the product, D-glucuronic acid, lifting 
repression of uidA caused by UxuR.
Control of /3-glucuronidase by catabolite repression is 
exercised by the concentration of cAMP in the cell. In cells 
grown in the presence of glucose the concentration of cAMP 
is low and transcription of catabolic enzymes occurs at a 
low level. Repression of /3-glucuronidase was demonstrated 
in media containing glucose (/3-G+G and TB+G) , for both whole 
cells and extracts, which showed a significantly lower rate 
of pNp production than the corresponding unsupplemented media 
(Fig. 5.3) . Comparison of the rate of pNp production in both
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cell preparations grown on the glucose containing media, 
revealed that j8-glucuronidase production was less strongly 
repressed in the presence of the /3-glucuronide substrate. 
This suggested that /3-glucuronidase production was repressed 
in all cells grown on TB+G, in the presence of glucose and 
the absence of glucuronides, and that these cells contained 
the basal concentration of enzyme. This may be similar to 
the concentration of /3-galactosidase molecules in uninduced 
cells, of less than 10 per cell (Stryer, 1981) . In the presence 
of glucose and /3GA both repressive and stimulatory forces 
appear to be in operation. As individual cells cannot be 
partially induced, (Novick and Weiner, 1957) the increase 
in /3-glucuronidase activity in /3-G+G compared to TB+G, 
represents induction of a small fraction of the population.
The rates of pNp production were significantly increased 
in all the cell-free extracts, compared to the ^whole cell 
preparations suggesting that the cell membrane provides an 
effective barrier to the passage of the substrate. This 
suggests that the concentration of the specific /3-glucuronide 
permease and its control are related to the composition of 
the medium. Production of the permease and the hydrolytic 
enzyme are closely linked, as in the lac operon (Section 5.2.1) . 
These results further support this view, although extensive 
studies of the molecular biology of the /3-glucuronidase operon 
and its control would be necessary to prove that the differences 
in enzyme activity observed between the two cell preparations 
were attributable to the permease.
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5.2.4 The effect of sucrose, lactose and glucose on 
/3-glucuronidase activity.
Catabolite repression of /3-glucuronidase in E. coli by glucose 
has been demonstrated (Sections 4.2.2.2, and 5.2.3) . Other 
readily metabolizable carbohydrates commonly found in foods 
may have a similar effect with implications for the application 
of the assay to food.
Following the single volume protocol /3-G medium and /3-G 
media supplemented with 2% glucose, 2% sucrose or 2% lactose 
were inoculated with the same concentration of E. coli A.T.C.C. 
25922. Colour development, acid production and growth were 
measured in each medium and the results are presented in Figures 
5.4, 5.5, and 5.6.
The detection time for an inoculum of 4. 5xl05 CFU/mL E. 
coli in /3-G medium was 4.2 hours (Fig. 5.4). In the 
carbohydrate supplemented media detection was achieved in 
4.3 hours in the presence of sucrose and 4.6 hours in the 
presence of lactose; detection was not achieved within 7 hours 
in the presence of glucose.
Increased acidity, compared to /3-G medium, was used as 
a marker of carbohydrate utilization by the cells. With the 
2% sucrose medium there was no detectable increase in acidity 
suggesting that the carbohydrate was not metabolized. Brenner 
(1984) reports that between 26 and 75% of E . coli strains 
are able to ferment sucrose and it would appear that A.T.C.C. 
25922 is a sucrose-negative strain. Detection of colour and 
acid production were not significantly different with the 
2% sucrose medium compared to /3-G medium. Although sucrose 
may cause catabolite repression in E. coli this was not 
demonstrated by this strain since it was unable to ferment 
the carbohydrate and time did not allow repetition of this 
experiment with a sucrose fermenting E. coli strain.
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Figure 5.4
Comparison of colour development by E, coli in /3-G medium
and media supplemented with carbohydrate.
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Figure 5.5
Comparison of acid production by E. coll in fi-G medium and
media supplemented with carbohydrate.
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Figure 5.6
Comparison of growth of E . coli in /3-G medium and media
supplemented with carbohydrate.
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There was a reduction in pH compared to /3-G medium, of 
0.56 and 0.51 in the lactose and glucose media respectively, 
following 6 hours incubation, suggesting that both these 
carbohydrates were metabolized. The detection time was prolonged 
by 0.4 hours and >2.8 hours in the presence of 2% lactose 
and 2% glucose respectively, compared to /3-G medium, suggesting 
that both carbohydrates exert catabolite repression on 
/3-glucuronidase production. This effect is much less pronounced 
with lactose. This may, in part, be due to the fact that 
a 2% lactose solution has only half the molarity of glucose 
at the same concentration.
In a comparison of /3-G medium containing 2% and 4% lactose 
with the unsupplemented medium (Table 5.7), the lactose 
containing media demonstrated a prolonged detection time 
compared to /3-G medium (0.45 hours in 2% lactose medium and 
0.55 hours in 4% lactose medium) . There was little difference 
between the detection time on the two lactose containing media 
(0.1 hour), suggesting that increased concentrations of the 
sugar do not cause increased repression of the enzyme. The 
catabolic repressive action of lactose was not as pronounced 
as that demonstrated with an equivalent concentration of 
glucose.
Catabolite repression of /3-glucuronidase by lactose may 
have implications for the application of the assay to milk-based 
foods. In cow's milk the concentration of lactose is 4% and 
this concentration would be expected to cause catabolite 
repression. However, under the assay conditions the milk 
is diluted by the test medium and the final lactose 
concentration would be reduced to 0.4%. This would probably 
exert an insignificant repressive effect.
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Table 5.7
Comparison of the detection times for an inoculum of 5.16xl05 
CFU/mL E. coli on /3-G medium supplemented with 0%, 2% and 
4% lactose.
Medium Detection Time (hr)
/3-G 4.10
/3-G + 2% lactose 4.55
/3-G + 4% lactose 4.65
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5.2.5 Kinetic properties of the reaction between
ff-glucuronidase and ffGA at 44°C.
The kinetics of the reaction between /8-glucuronidase and the 
colourimetric substrate /8GA were investigated to determine 
the maximum enzyme rate and the specificity of the enzyme 
for the substrate.
A cell-free extract of /8-glucuronidase-positive E . coli 
(A.T.C.C. 25922) grown on TB medium was prepared. Sterile 
/8GA solution was added to give a variety of final concentra­
tions, and the rate of colour production at 44°C was measured. 
The rate of catalysis and colour production, V, increased 
with increasing substrate concentration, [S] (Table 5.8).
The Michaelis constant, KM, is the concentration of 
substrate at which half the active sites are filled, and as 
such describes a situation where the enzyme is operating at 
half the maximal rate, V^. Figure 5.7 plots 1/V as a function 
of 1/ [S], the slope is equivalent to V V ^ ,  the y-axis intercept 
l/v maxa nd the x-axis intercept 1/KM. A substrate concentration 
of at least 10KMwould be required for the rate of catalysis 
to be independent of the substrate concentration.
The maximal enzyme rate, V^, for /8-glucuronidase and 
/8GA at 44°C, calculated from Fig. 5.7, is 0.152mgL'1min'1 when 
1 x 10 7 F .  coli cells are lysed. The maximum rate of pNp 
production observed by whole E. coli cells on /8-G medium was 
0.120mgL'1min'1, this differs from value calculated for V^by 
0.032mgL'1min‘1. Production of measurable pNp by the cell-free 
extract is affected by /8-glucuronidase and the substrate 
concentration, whereas in whole cells it is also influenced 
by the activity of the specific permease and the rate of 
liberation of pNp into the medium.
The KMfor /8-glucuronidase with /8GA at 44 °C, calculated 
from Fig 5.7, was 0.007 mmolar (0.021mg/mL) /8GA. The
concentration of /8GA in /8-G medium is 0.01 mmolar, or 1.43 
Km, indicating that the rate of hydrolysis in the assay is 
not independent of the substrate concentration and the 
of the enzyme cannot be attained.
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Table 5.8
Rate of p-nitrophenol production by a cell-free extract of 
E. colif over a range of substrate concentrations.
0GA mg/L 
[S]
pNp production 
mgL^min'1 VD
i/v0 1/[S]
60.0 0.135 7.41 0.016
45.0 0.110 9.09 0.020
37.5 0.099 10.10 0.027
30.0 0.085 11.76 0.033
22.5 0.070 14.29 0.044
15.0 0.057 17.54 0.066
7.5 0.041 24.39 0.133
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Figure 5.7
A double reciprocal plot of /3-glucuronidase kinetics with 
/3GA at 44°C.
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The KMof an enzyme for a particular substrate, is also 
a measure of its affinity for the substrate and the binding 
strength of the enzyme-substrate complex: a high KMindicates 
weak binding, whereas, a low KM indicates strong binding. 
The KMvalues of enzymes vary widely, but for most enzymes 
KM lies between 1 O'1 and lO-^ . The KMvalue for /3-glucuronidase 
and /3GA at 44°C, calculated from Fig. 5.7, was 7.0x10"^ and 
represents a strong enzyme affinity for the substrate similar 
to that of lysozyme for hexa-N-acetylglucosamine where the 
KMis 6.0x10^ (Stryer, 1981) . The KMfor E. coli /3-glucuronidase 
with the substrate l-(/3-D-glucopyranosyl)pyridinium hydroxide 
has been determined as 1.5xlO'2M +/- 0.5xl0'2M (Ktfppen and 
Dalgaard, 1984). This suggests much weaker binding of the 
enzyme and substrate, compared to the reaction with /3GA. 
It would have been interesting to compare the KM value for 
/3-glucuronidase and MUG with that for /3GA, to assess affinity 
of the enzyme for each substrate. However, the KMof the enzyme 
with the fluorescent substrate could not be measured as a 
sensitive fluorimeter was not available to measure the rate 
of methylumbelliferone production.
I Inspection of the points (Fig. 5.7) suggests that a curve 
would be more appropriate in the Lineweaver-Burk plot and 
that Michaelis-Menton kinetics is not an appropriate model 
in this case. This is supported by the results of subsequent 
attempts to use the Vmax derived in this way (see 5.2.6.).
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5.2.6 Calculation of the concentration of pNp produced
during the detection time.
The maximum rate of pNp production (V^J for lxlO7 E. coli, 
derived from the Lineweaver-Burke plot (Fig. 5.7) 0.152mgL'1min'1, 
was used to calculate the concentration of pNp in the medium 
at the detection time. Figure 5.8 shows the theoretical rate 
of pNp production. It was assumed that the time required 
for induction of /3-glucuronide permease and hydrolase was 
0.6 hours, the time required for detection of a large inoculum 
of E . coli (Table 5.4); that the (3-glucuronidase concentration 
is constantly proportional to the concentration of cells and 
that the enzyme always operates at V^. The area beneath 
the curve up to the detection time, for each inoculum, was 
used to calculate the concentration of pNp that would be present 
in the medium at the detection time if all these conditions 
apply (Table 5.9).
The concentration of pNp measured at the detection time 
was 0.348mg/L (Fig. 4.4) . If a population of lxlO7cells were 
producing pNp at the maximal rate then the concentration 
required for detection would be achieved in 2.2 minutes. 
Therefore, an error of a few minutes in calculating the 
detection time can have a dramatic effect on the concentration 
of pNp.
The calculated concentration of pNp in the medium exceeds 
the observed concentration by a factor of approximately 24. 
Clearly the assumptions made about enzyme production and action 
are not correct. Enzyme induction is an all-or-none process 
in individual cells. Once the uidA gene has been switched 
on synthesis of /3-glucuronidase, and probably the permease, 
begins. The concentration of the enzymes in the cell increases 
with time. The time required before there is sufficent enzyme 
activity within the population to produce 0.348mg/L pNp may 
be considerable in a medium containing a low concentration 
of substrate. Novick and Weiner (1957) demonstrated that
Puninduced cells produced /3-galactosidase slowly in responseA
to a low concentration of inducer, with only 20% of the maximal 
enzyme activity produced in the first 6 generations.
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Figure 5.8
Theoretical rate of pNp production by E. coli at 44°C.
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Table 5.9
Theoretical concentration of pNp in the medium at the detection 
time.
Inoculum Detection time 
(hr)
Calculated 
concentration of 
PNp 
(mg/L)
7 . 6 X 1 0 6 2 . 6 1 8 . 3 5
7 . 6xl04 4 . 5 5 8 . 4 5
7 . 6 X 1 0 2 6 . 5 3 7 . 3 0
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Also, the low concentration of substrate in the medium 
(1.43 Km) cannot allow the /3-glucuronidase present to operate 
vmax» The rate of permease activity was not included in 
the calculated maximum rate of /3-glucuronidase activity, but 
this could be a significant rate-limiting factor in colour 
production by whole cells.
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5.3 Summary.
The detection time appears to be a product of the time required 
for the E. coli population to increase and for approximately 
3. 0xl07CFU/mL to become induced and produce the permease and 
hydrolase. It must also include time required for protein 
synthesis, hydrolysis of the substrate and liberation of 
0.348mg/L pNp into the medium, although these processes probably 
occur concurrently with multiplication and induction in the 
population.
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Chapter 6 ADAPTATION OF THE /3-GLUCURONIDASE ASSAY FOR THE
ENUMERATION OF Escherichia coli TO WATER SAMPLES.
6.1 Introduction.
E. coli has traditionally been used as an index organism in 
water, its presence being indicative of faecal contamination 
and the possible presence of enteric pathogens. Traditional 
methods for enumerating E. coli in water are labour intensive 
and take several days to complete. As E . coli frequently 
occur at low concentrations in water it is necessary to 
concentrate the organisms by membrane filtration. Adaptation 
of the /3-glucuronidase assay, to the analysis of water, might 
provide a more rapid method for the enumeration of E . coli.
Environmental water samples and environmental water samples 
spiked with settled raw sewage were used to compare E. coli 
enumeration by the /3-glucuronidase assay and the Anderson 
and Baird-Parker direct plating method. A less labour intensive 
/3-glucuronidase method was also developed to assess the presence 
or absence of E. coli in environmental water samples.
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6.2 Results and Discussion.
6.2.1 Comparison of the ^-glucuronidase assay with a 
reference method for E. coli.
The standard method for enumerating E. coli from water and 
the Anderson and Baird-Parker direct plating method (described 
in Chapter 3) were compared, for use as the reference method 
in assessing the performance of the /3-glucuronidase assay. 
The standard method was labour intensive and required 48 hours 
to produce results; large numbers of coliform organisms in 
lake water samples interfered with the isolation of presumptive 
E. coli. The Anderson and Baird-Parker method detects 
E. coli biotype I - strains that are able to grow and produce 
indole from tryptophan at 44°C in the presence of bile salts, 
including lactose negative and anaerogenic strains. This 
method was more rapid, less labour intensive and less prone 
to interference by other organisms, than the standard method. 
Pink indole-positive colonies were easily distinguished from 
indole-negative colonies (Fig. 6.1) . For these reasons this 
method was adopted as the reference method for enumeration 
of E. coli.
The multiple tube /3-glucuronidase. assay protocol was 
unsuitable for use with environmental water samples because 
of the low numbers of E. coli (<5CFU/mL) encountered in lake 
water samples (Fig. 6.2). This increased the possibility 
of the inoculum (0.5mL) containing no E. coli. Although 
the inoculum for the single bottle protocol (lOmL) was more 
likely to contain E. coli, detection would require more than 
9 hours incubation (Fig. 4.15). Membrane filtration (0.2/Ltm) 
of a 100 or 250mL water sample, and inoculation of 90mL /3-G 
medium with the filter and lOmL sterile MRD allowed detection 
to be achieved more rapidly by effectively increasing the 
sample size. j cjSV_ p
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Figure 6.1
Isolation of E. coli biotype I by the Anderson and Baird-Parker 
direct plating method.
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E . coli in naturally contaminated environmental water 
samples, collected from the local lakes and river, were 
enumerated using the | p-Qiucxj^ vAvcizv5Q_ p^tocSl
and the reference method. In addition, 
lake water samples spiked with settled raw sewage, to obtain 
a range of natural microbial population sizes (Edberg, et 
alf 1988) , were assessed by both methods. Fig. 4.15 was used 
as the calibration curve for the /3-glucuronidase assay. A 
comparison of the results from the two methods with both types 
of sample is made in Fig. 6.2.
Enumeration of E. coli in environmental water supplies 
by the detection of /3-glucuronidase activity was found to 
correlate well with the Anderson and Baird-Parker cultural 
method for both the natural and spiked samples (Fig. 6.2). 
The relationship between the detection time and the log inoculum 
is maintained with environmental strains reflecting that the 
20 B .  o q Ll \ strains used to establish the calibration curve 
were representative of natural populations. The presence of 
other organisms did not appear to cause over^estimation of 
E. coli in the /3-glucuronidase assay. Results were achieved 
more rapidly with the /3-glucuronidase assay, but despite this 
the method was more labour intensive than the reference method.
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Figure 6.2
Comparison of E. coli enumeration in environmental samples 
by /7-glucuronidase assay and Anderson and BairdParker cultural 
method.
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6.2.2 Comparison of the Lovibond comparator
/3-qlucuronidase protocol with a reference method 
for E. coli.
Low numbers of E. coli and the cumbersome nature of traditional 
methods, have led to the examination of water samples simply 
for the presence or absence of the organism.
The Lovibond comparator /3-glucuronidase protocol inoculated 
with lOmL water sample as described in Chapter 3, is an 
adaptation of original method that detects the presence of 
the enzyme but does not - enumerate E. coli. Using this 
method and the Anderson and Baird-Parker reference method, 
16 water samples were evaluated. These comprised 12 
environmental and 4 potable samples. The /3-glucuronidase 
test was defined as positive if colour, equivalent to or greater 
than the 10/xg/mL standard, was achieved following 15 hours 
incubation at 44°C. The results with both methods are shown 
in Table 6.1.
Detection of /3-glucuronidase correlated well with detection 
of E. coli by the reference method. No samples demonstrated 
false positive or negative /3-glucuronidase reactions. The 
greatest concentration of E. coli was in the river samples. 
As the sampling point was downstream of a sewage outfall this 
was not unexpected. E. coli was not detected from potable 
supplies by either method.
The indole test can be used as an additional, confirmatory 
test for the presence of E. coli in /3-G medium incubated at 
44°C. This correlated fairly well with /3-glucuronidase activity 
and the reference method for E. coli. However, in two samples 
the indole test was negative despite the detection of E. coli 
by the other methods. In the medium, detection of 
/3-glucuronidase occurs before indole becomes detectable. 
Both samples contained low numbers of E. coli, so that, an 
extended incubation may have been required for indole production 
to be detected or the inocula may have been comprised of 
indole-negative E. coli.
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Table 6.1
Comparison of the detection of /3-glucuronidase activity and 
the concentration of E . coli in water samples.
Sample Indole P-Gluc. A&B-P E . coli 
CFU/lOmL
River + + 5.45xl02
River + + 6.40xl02
River + + 1.80xl02
Lake 1 _ + 5.00x10°
Lake 1 + + 3.50x10°
Lake 1 + + 6.50xl0‘
Lake 1 + + l.lOxlO1
Lake 2 + + 9.00x10*
Lake 2 - - <1.00x10°
Stream _ + S.OOxlO*1
Stream + + 1.10x10*
Stream + + 1.20x10*
Potable _ _ <1.00x10**
Potable - - <1.00x10-*
Potable - - <1.00x10-*
Potable — — <1.00x10**
/3-Gluc. = /3-glucuronidase
A&B-P = Anderson and Baird-Parker method
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The sensitivity of the test suggests that /3-glucuronidase 
may provide a useful presence-or-absence test for E. coli 
in watery although extension of the incubation time to 18 
or 20 hours may be required to detect a single E. coli in 
the inoculum.
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6.2.3 Minimum concentration of E. coli in water detectable
bv the Lovibond comparator /3-glucuronidase protocol. 
To assess the sensitivity of the Lovibond comparator /3- 
glucuronidase protocol for water samples inocula were prepared 
from the Ashford and Isolate E. coli panels serially diluted 
in sterile water. The E. coli of the inocula was determined 
by the Miles and Misra method. /3-G Medium (90mL) was inoculated 
with water samples (lOmL) containing approximately 50, 5, 
and 0.5 CFU/mL E. coli. The results of /3-glucuronidase activity 
and indole production following 15 hours incubation are 
presented in Table 6.2.
/3-Glucuronidase activity and indole production was detected 
in all 6 water samples following 15 hours incubation at 44°C. 
This suggests that the method is sufficiently sensitive to 
detect <l/mL E. coli and possibly 1 E. coli per lOmL sample. 
Further examination of the sensitivity of the method would 
be required before it could be applied to potable water. 
Although a 10-tube MPN format, similar to that recommended 
by the APHA (Greenberg, et al, 1985) for the analysis of potable 
water in 10 x lOmL portions, may potentially be used as a 
sensitive and specific test for E. coli.
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Table 6.2
Detection of E. coli in water samples by the Lovibond comparator 
j3-glucuronidase protocol.
E. coll CFU/mL (J-Gluc. activity 
(conc. pNp /ig/mL)
Indole production
Ashford
38.10 >42 +
3.81 >42 +
0.38 >42 +
Isolate
59.40 >42 +
5.94 >42 +
0.59 >42 +
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6.3 Summary.
Enumeration of E. coli in environmental water samples using 
the /3-glucuronidase assay compares favourably with the reference 
method. The method is more labour intensive than the reference 
method but results can be achieved within one working day.
The Lovibond comparator /3-glucuronidase method provided 
a simple test for E. coli in water that appears to be sensitive 
to <lCFU/mL E. coli in 15 hours and may be applicable to potable 
water. As this test requires a minimum of laboratory equipment 
it would be particularly useful to water engineers in developing 
countries.
Both (3-glucuronidase methods appear to be reliable and 
robust for the detection of E. coli in the presence of other 
species. As a result of this they would provide the water 
industry with two methods that are more rapid and simple than 
traditional methods for E. coli.
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Chapter 7 ADAPTATION OF THE /^-GLUCURONIDASE ASSAY FOR THE
ENUMERATION OF Escherichia coli TO FOOD SAMPLES.
7.1 Introduction.
E. coli can be used as an indicator organism in foods as an 
assessment of the overall quality and hygienic practices rather 
than faecal contamination. Microbiological criteria frequently 
set limits for E . coli; for example, the Government guideline 
for E. coli in cook-chill foods is <10/g (HMSO, 1989). The 
/3-glucuronidase assay may provide a more sensitive and rapid 
method for enumerating E. coli in food than current plate 
counting techniques, giving an actual number of E. coli per 
gram of food. While the simpler, Lovibond Comparator protocol 
may provide a test to assess compliance with guideline values. 
So that, although the results generated by this method are 
less precise they may nonetheless be useful.
The traditional MPN method for faecal coliforms in food 
was found to be too cumbersome and imprecise to be used as 
the reference method. The direct plating technique of Anderson 
and Baird-Parker (1975) and modified by Holbrook et al (1980) 
was designed to enumerate E. coli biotype I, including those 
cells damaged by processing, in foods (BSI, 1989) . This method 
was used as the reference method.
Types of food likely to be naturally contaminated with 
E. coli were chosen to evaluate the method. These included 
raw meats, unpasteurized milk and soft ripened cheeses made 
with unpasteurized milk.
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7.2 Results and Discussion.
7.2.1 Adaptation of the ff-qlucuronidase assay for 
use with milk samples.
The inoculation of the assay medium directly with milk or 
diluted milk, prevented filtration of the medium for the 
assessment of colour production spectrophotometrically. For 
this reason the sample preparation used in the direct 
epi^,fluorescent filter technique (DEFT) for the analysis of 
milk was investigated as a method for separating organisms 
from the sample. This involved treating the milk with a 
proteolytic enzyme and a surfactant, at 50°C for 10 minutes, 
to facilitate filtration. The sample was filtered through 
a membrane filter, to concentrate the organisms, and rinsed, 
to completely remove sample (Chapter 3).
Enumeration of E. coli, (A.T.C.C. 25922) in UHT milk, 
by the /3-glucuronidase assay method following pretreatment 
was compared with the E. coli concentration determined by 
plate counts (Fig. 7.1) . UHT milk samples were used to prevent 
interference by naturally occurring E. coli or competitive 
organisms.
The pretreatment//3-glucuronidase method underestimated 
the E. coli inoculum by approximately 1 log cycle compared 
to plate counts. When the organisms from water samples, 
concentrated on membrane filters, were used to inoculate /3-G 
medium E . coli enumeration by the /3-glucuronidase assay and 
a reference method correlated well (Section 6.2.1) . The reason 
for the poor correlation with milk samples was investigated.
Treatment of the milk sample with trypsin and Triton 
X-100 at 50°C may reduce the number of viable cells. A 
comparison was made of the effect, on an E, coli inoculum, 
of the proteolytic enzyme, surfactant and the temperature 
(Table 7.1 and 7.2).
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Figure 7.1
Enumeration of E . coli A.T.C.C 25922 in UHT milk by 
pretreatment//?-glucuronidase and plate counts.
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The difference between the E. coli count before and after 
incubation for 10 minutes was no greater than could be accounted 
for by the error of plate counting techniques, demonstrating 
that the E. coli population in milk samples was not reduced 
by treatment with trypsin, Triton X-100, incubation at 50°C 
for 10 minutes or the complete DEFT treatment. This did not, 
therefore, account for the poor results with the 
pretreatment//3-glucuronidase method.
Another difference between the filtration of water and 
milk samples was the rinsing step in the pretreated method. 
This may possibly have caused organisms to become deeply lodged 
in the fabric of the filter restricting access of nutrients 
and multiplication. This would increase the detection time 
thus underestimating the initial E . coli population in the 
sample. A similar effect would have resulted if E. coli 
embedded in the filter had been covered and sealed with a 
layer of fat or protein.
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Table 7.1
Treatment of UHT milk samples to assess the effect of trypsin, 
Triton X-100 and incubation at 50°C on E. coli viability.
Treatment
1 2
Sample
3 4 5
Trypsin 0.5mL 0.5mL 0 0 0.5mL
Sterile R0vosJce*-— 0 0 0.5 mL 0.5mL 2mL
Triton X-100 2mL 2mL 2mL 2mL 0
Temp. (°C) 50 9 50 9 50
Samples:
1 = DEFT treatment of milk
2 = DEFT treatment of milk at 9°C
3 = No proteolytic enzyme treatment of milk at 50°C
4 = No proteolytic enzyme treatment of milk at 9°C
5 = No surfactant treatment of milk at 50°C
v..
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Table 7.2
The effect of the treatment of milk (Table 7.1) on the viability 
of E. coli.
Sample Log CFU/mL Log CFU/mL
E. coli E. coli
t0 tlOmin
1 4.19 4.22
4.54 4.50
3.62 3.46
2 4.18 4.13
3 4.18 4.12
4 4.15 4.22
5 4.49 4.57
3.51 3.59
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7.2.2 Adaptation of the Lovibond comparator
^-glucuronidase test for use with milk 
samples.
The Lovibond comparator is a device for assessing colour by 
comparing the test sample with a reagent blank viewed through 
a coloured filter equivalent to a known chromogen concentration. 
It is particularly useful for opaque liquid samples, such 
as milk and is used to measure pNp production in the phosphatase 
test. With water samples the Lovibond comparator /3-glucuronidase 
test provided a simple, labour saving method for the presence 
of E. coli. Adaptation of the method for E. coli in milk 
may provide a method for assessing the quality of raw milk, 
the efficacy of the pasteurization process and the absence 
of post-process contamination.
E. coli may be present in milk only at very low 
concentrations, so that larger samples are more likely to 
contain the organism in detectable numbers. Detection of 
the Ashford panel of E. coli strains in pasteurized milk, 
at four concentrations, was compared in a lOOmL milk sample 
plus /?GA (0.03mg/mL), a 75mL milk sample supplemented with 
sterile tryptone, NaCl and /3GA to give final concentrations 
equal to /3-G medium, and 90mL /?—G medium inoculated with a 
lOmL milk sample (Table 7.3). £
Colour was not produced by low concentrations^, coli
u . .m  pasteurized milk, incubated at 44°C within 7 hours. For
this reason samples were incubated for 15 hours before sampling.
Acid production by the fermentation of lactose caused 
a fall in pH of 1.74, 2.73 and 2.01 in milk + jffGA, milk + 
tryptone, NaCl and /?GA, and /?—G medium respectively. This 
meant that the usual carbonate buffer was not strong enough 
to adjust the pH to 9.3 (the optimum for colour detection) 
so a stronger sodium carbonate solution was used (5.6mg/mL, 
pH [9.7]).
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Table 7.3
Comparison of three protocols for the detection of E. coli
in milk by /3-glucuronidase activity.
Protocol Inc.Time(hr) Lovibond comparator estimate of pNp
conc. (fug/mL)
E. coli (CFU/mL milk)
120 12.0 1.20 0.12
Milk + PGA 00.00 0 0 0 0
14.75 10 0 0 0
17.00 14 6 0 0
19.00 14 6 0 0
21.00 14 6 0 0
Milk + 00.00 0 0 0 0
Tryptone + 15.00 14 6 0 0
NaCl + PGA 17.00 25 10 0 0
19.00 25 10 0 0
21.00 25 10 0 0
P-G + Milk 00.00 0 0 0 0
15.00 42 >42 42 6
17.00 42 >42 42 6
19.00 42 >42 42 6
21.00 42 >42 42 6
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Colour production equal to, or greater than,10/ig/mL was 
taken as evidence of /3-glucuronidase activity, since "creamy” 
milk gave a reading of 6/xg/mL. An inoculum of 120CFU/mL 
E. coli produced detectable colour with each protocol, in 
the presence of 3.0xl03 organisms in milk, in 15 hours. /3-G 
medium was also able to detect 12 and 1.20CFU/mL E. coli in 
15 hours (Table 7.3). Inoculation of 90mL /3-G medium with 
a lOmL sample provided the most rapid and sensitive protocol 
for the detection of E. coli by /3-glucuronidase activity in 
pasteurized milk. Figure 7.2 illustrates colour production 
in /3-G medium inoculated with four concentrations of the single 
E. coli strain, and the Ashford and Isolate panels of mixed 
strains in milk, in 15 hours.
The detection of low concentrations of the E. coli strains 
in the Ashford and . Isolate panels, both collectively and 
individually, in pasteurized milk was studied using /3-G medium 
(Table 7.4 and 7.5).
All the E. coli strains were indole positive, with the 
exception of strain G, but only 6 out of 39 strains demonstrated
irs tVve. yW2Ci»U_»W
this propertyA. This may have been due to high concentrations 
of fermentable carbohydrate in the sample interfering with 
indole production (BSI, 1989). At E. coli concentrations 
<5CFU/mL,/3-glucuronidase activity was not reliably demonstrated. 
This was unlikely to have been due to the absence of E . coli 
in the inoculum, as 3CFU/mL milk would provide approximately 
30 organisms in the lOmL inoculum, but may have been due to 
acid production in the medium reducing the growth rate or 
altering the metabolism of the organism. For this reason 
a range of phosphate buffered media were compared, for the 
detection of E. coli in milk.
Phosphate buffer (0.004, 0.016, 0.050 and 0.01M) was 
added to /3-G medium. The growth and detection of a single 
strain of E. coli (A.T.C.C. 25922) in pasteurized milk, by 
the Lovibond comparator protocol, was compared in /3-G medium 
and the buffered media (Table 7.6).
fc>u , 2>surck^  ic_ Ccjuotr cvv PcA.
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Figure 7.2
Colour production in J5-G medium by E. coli in milk.
I U
1.1 1.2 1.3 J.4 2 I 2.2 2.3  2 .4  B
Legend
Tube No. pNp conc. 
(jLtgmL)
E. coli 
strain
E, coli 
CFU/mL 
inoculum
B (reagent 
blank)
0 - 0
1.1 >42 > • O • o • 316. 0
1.2 >42 25922 31.6
1.3 42 3.16
1.4 25 0. 316
2 .1 >42 Ashford 180. 0
2.2 >42 panel 18. 0
2 . 3 >42 1.80
2.4 6 0.18
3.1 >42 Isolate 425. 0
3.2 >42 panel 42.5
3 . 3 0 4.25
3.4 >42 0.425
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Table 7.4
Detection of the E. coli strains of the Ashford panel by 
/3-glucuronidase activity and indole production in milk in 
15 hours.
Strain APC 
CFU/mL milk
E . coli 
CFU/mL milk
P“Gluc. Indole
A 1.83xl03 3.42x10° Neg Neg
B 4.00X101 3.12x10° Pos Neg
C 4.OOxlO1 2.25x100 Pos Neg
G 4.00X101 4.00x10° Pos Neg
K 4.00X101 3.25x10° Pos Pos
L 1.83xl03 3.31x10° Neg Neg
4.75xl02 3.44x10° Neg NT
5.30xl02 4.25X101 Pos Neg
3.93xl03 3.25x10° Pos Neg
3545 1.45xl03 3.75x10’* Neg Neg
2.36xl02 5.50x10* Pos Neg
1.06xl03 5.75x10° Pos Neg
3550 1.45xl03 NG Neg Neg
2.36xl03 NG Pos Neg
5.30xl02 NG Pos Neg
3.93xl03 NG Neg Neg
1.06xl03 NG Neg Neg
3552 1.83xl03 4.25x10° Pos Neg
5469 1.45xl03 3.75x10"* Neg Neg
1.83xl03 3.31x10° Pos Neg
5470 1.45xl03 3.00x10’* Neg Neg
1.83xl03 3.36x10° Neg Neg
4.75xl02 3.06x10° Neg NT
5.30xl02 4.94x10* Pos Neg
3.93xl03 5.75x10° Neg Neg
5502 1.83xl03 4.31x10° Pos Neg
5519A 1.45X103 3.25X10* Pos Pos
5519B 1.45xl03 5.25x10’* Pos Neg
5628 1.45xl03 3.00x10’* Neg Neg
1.83xl03 2.94x10° Neg Neg
4.75xl02 3.56x10° Neg NT
3.86xl02 2.69x10* Pos Neg
3.93xl03 3.50x10° Pos Pos
5629 1.45xl03 3.37x10’* Neg Neg
1.83xl03 3.34x10° Neg Neg
4.75xl02 3.82x10° Neg NT
5.30xl02 4.31x10* Pos Neg
3.93x10s 4.06x10° Pos Neg
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Strain APC 
CFU/mL milk
E. coli 
CFU/mL milk
P-Gluc. Indole
5653 1.83xl03 4.25x10° +/- Neg
4.75xl02 3.94x10° +/- NT
5.30xl02 4.81X101 Pos Pos
3.93xl02 3.12x10° Pos Pos
5654 1.45xl03 3.38x10'* Neg Neg
2.36xl02 3.31X101 Pos Neg
1.06xl03 4.25x10° Neg Neg
5660 1.83xl03 6.25x10° Pos Pos
5662 1.45xl03 4.50x10'* Pos Neg
Ashford 9.OOxlO2 1.80xl02 Pos NT
panel 9.OOxlO2 1.80x10* Pos NT
9.OOxlO2 1.80x10° Pos NT
9.OOxlO2 1.80x10.1 Neg NT
Notes:
APC = Aerobic Plate Count (CFU/mL) of milk sample 
/3-Gluc. = /3-glucuronidase activity detected 
Indole = Indole production detected 
NT = Not tested
NG = This strain could not be counted in milk samples.
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Table 7.5
Detection of the E. coli strains of the Isolate panel by 
/?-glucuronidase activity and indole production in milk in 
15 hours.
Strain APC E. coli yff-gluc. Indole
CFU/mL milk CFU/mL milk
A1 3.80xl02 3.38x10° Pos Neg
A2 3.80xl02 2.38x10° Pos Neg
A3 3.80xl02 3.25x10° Pos Neg
A4 3.80xl02 4.00x10° Pos Neg
A8 3.95xl02 4.31x10° Neg NT
2.36xl02 6.OOxlO1 Pos Neg
1.06xl03 5.31x10° Pos Neg
A9 3.95xl02 2.94x10° HY­ NT
3.86xl02 2.19X101 POS Neg
3.93xl03 2.31X101 Pos Neg
2 3.95xl02 3.19x10° Neg NT
3.86xl02 3.31X101 Pos Neg
3.93xl03 3.37x10° +/- Neg
3 3.95xl02 7.06x10° Neg NT
3.86xl02 3.94X101 Pos Neg
3.93xl03 5.06x10° Pos Neg
4 3.95xl02 3.82x10° Pos NT
1.06xl03 4.81x10° Pos Neg
5 3.95xl02 4.00x10° Pos NT
1.06xl03 4.88x10° Pos Neg
6 3.95xl02 3.50x10° Pos NT
E12 3.95xl02 4.00x10° Pos NT
182-12 3.95xl02 3.38x10° Pos NT
182-14 3.95xl02 3.31x10° Neg NT
3.86xl02 2.06X101 Pos Neg
3.93xl02 4.69x10° Neg Neg
44.1 2.36xl02 6.69X101 Pos Neg
44.2 2.36xl02 3.50X101 Pos Neg
44.5 2.36xl02 4.25X101 Pos Neg
45.2 2.36xl02 4.OOxlO1 Pos Neg
45.6 2.36xl02 3.75X101 Pos Pos
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Strain APC 
CFU/mL milk
E. coli 
CFU/mL milk
P-gluc. Indole
45.10 2.36xl02 3.88X101 Neg Neg
Isolate 9.OOxlO2 4.25xl02 Pos NT
panel 9.OOxlO2 4.25x10* Pos NT
9.OOxlO2 4.25x10° Neg NT
9.OOxlO2 4.25x10-* Pos NT
Notes:
APC = Aerobic Plate Count (CFU/mL) of milk sample 
/3-Gluc. = /3-glucuronidase activity detected 
Indole = Indole production detected 
NT = Not tested
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Table 7.6
Comparison of /5-G and buffered /3-G media for the detection
of E. coli in milk.
Medium E. coli 
conc. 
in milk 
(log 
CFU/mL)
E . coli 
conc.
in
medium
(log
CFU/mL)
t0
E. coli 
conc.
in
medium
(log
CFU/mL)
115hr
pH of 
medium
115hr
pNp
conc.
(fug/mL)
Indole
produc­
tion
P-G 0.89 -0.10 NT 5.09 14 Neg
BP-G 0.89 -0.10 NT 5.57 >25 Neg
(0.004M)
P-G 0.61 -0.39 7.21 5.21 18 Neg
BP-G 0.61 -0.39 8.26 5.72 42 Neg
(0.016M)
01CO. 0.67 -0.33 7.37 5.10 10 Neg
BP-G 0.67 -0.33 7.43 6.38 6 Neg
(0.05M)
P-G 0.74 -0.26 7.33 5.05 10 Neg
BP-G 0.74 -0.26 NT 7.32 0 Neg
(0.10M)
NT = Not Tested
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In /3-G medium the E. coli inoculum increased to a 
population of approximately 7.30 log CFU/mL and produced 
detectable colour, following 15 hours incubation. Acid was 
produced in the medium and its mean pH was 5.11 at 15 hours.
All four phosphate buffered media modified the reduction 
in pH compared to 0-G medium. The concentration of E. coli 
at 15 hours was increased in the 0.016M and 0.05M media, 
compared to /3-G medium. This was probably due to the more 
favourable pH. The concentration of pNp detected at 15 hours 
was increased, compared to /3-G medium, at the two lower 
concentrations of phosphate buffer (0.004M and 0.016M); but 
with the 0.05M and 0.10M media detectable colour was not 
produced in 15 hours. One exp la nation of this may have been 
that the mainte nance of a neutral pH in the medium allowed 
rapid growth of the normal flora of milk, which outnumbered 
E. coli by approximately 103in the sample, and prevented colour 
production. However, in experiments with competitive organisms 
colour production was enhanced in the presence of large numbers 
of /3-glucuronidase-negative organisms. Alternatively a high 
phosphate concentration could repress /3-glucuronidase 
production.
Indole was not produced on any of the five media, although 
E. coli A.T.C.C. 25922 is an indole-positive strain.
The 0.016M phosphate buffered /3-G medium was chosen as 
the optimum medium for the detection of E. coli in milk samples. 
This was because the greatest increase in growth of the organism 
and colour production were demonstrated on this medium compared 
to /3-G medium.
A study of the growth and detection of the 40 individual 
strains from the Ashford and Isolate panels was made to assess 
the use of the buffered medium for detecting low concentrations 
of E. coli in milk (Fig. 7.3 and 7.4) . If detectable colour 
was not produced in 15 hours then the incubation time was 
extended to 18 hours. This was to take account of slow growing, 
or late /3-glucuronidase producing strains.
A comparison was made between the Lovibond comparator 
/3-glucuronidase method and the Anderson and Baird-Parker
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reference method for detecting E. coli in raw milk (Table 
7.7) .
Detectable colour was produced by both milk samples in 
15 hours suggesting the presence of the enzyme /8-glucuronidase. 
However, indole was not produced and the concentration of 
E. coli in the sample was less than the minimum detectable 
by the reference method. This suggested that endogenous enzyme 
activity in the sample, rather than the presence of E. coli 
may have been responsible for the development of colour. 
Nevertheless, indole production was not a reliable confirmatory 
test for E. coli in milk samples (Table 7.4 and 7.5) and 10 
E. coli CFU/mL was the minimum concentration detectable by 
the reference method.
Coliforms and enterococci were isolated on MacConkey
agar pour plates of both samples. E. coli were isolated and
identified, by the API 20E test profile, from both test media
following 15 hours incubation at 44°C. Most of the E. coli
isolates were shown to have /8-glucuronidase activity, and
a single E. coli /8-glucuronidase-negative strain was identified.
The pathogenic, /8-glucuronidase-negative, E. coli strain 0157:H7
be_
has been associated with cattle and mayAisolated from raw 
milk (Doyle, 1990). This strain grows poorly at 44°C and 
consequently cannot be detected by conventional faecal coliform 
tests (Doyle and Schoeni, 1984) or the /8-glucuronidase test. 
Enterococci were also isolated from the assay medium. None 
of the isolates demonstrated /8-glucuronidase activity.
Colour production by raw milk samples may have been due 
to a low concentration of E. coli, below the sensitivity of 
the reference method, endogenous enzyme activity in the sample 
or a combination of E. coli and free-enzyme. Further work 
will be necessary to establish whether the test may be applied 
to raw milk samples, and the sensitivity of the method.
The results with raw milk samples suggest that the 
/8-glucuronidase test may be a more sensitive method for 
detecting E. coli than the reference method.
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Figure 7.3
Growth and /?-glucuronidase activity of the Ashford E. 
strains in pasteurised milk using buffered fi-G medium
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Figure 7.4
Growth and /?-glucuronidase activity of the Isolate E . coli 
strains in pasteurised milk using buffered /3-G medium.
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Table 7.7
Comparison of /3-glucuronidase activity and the E. coli count
in raw milk.
Sample /3-glucuronidase 
activity (pNp /zg/mL)
A&B-P (E . coli CFU/mL)
1 >42 <10
2 >42 <10
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The sensitivity of the /8-glucuronidase test for detecting 
E. coli in pasteurized milk in 15 hours, has important 
implications for the usefulness and possible applications 
of the test. An MPN test format was used to assess the 
sensitivity of the method. Five replicates of three different 
inoculum concentrations (approximately 50, 5 and 0.5 CFU 
E. coli per lOmL) were used for each E. coli strain tested. 
The results of the detection of E . coli in this test were 
compared with the inoculum concentration calculated from plate 
counts (Table 7.8).
The concentration of E . coli in the sample calculated 
from MPN tables (Wardlaw, 1989) was of the same order as that 
derived from plate counts for 9 of the 12 inocula tested 
following 15 hours incubation. This suggests that for the 
majority of strains tested the /8-glucuronidase method is 
sensitive to a single E. coli in the inoculum in 15 hours. 
Extending the incubation time did result in improved agreement 
between the two methods for some strains, suggesting that 
these strains respond more slowly to the presence of the 
substrate at 44°C.
There are several explanations of the differences in 
the results from the two methods (Table 7.8) : the number of 
positive bottles, especially at the lowest dilution, in the 
MPN test may vary between replicate tests and this can cause 
considerable differences in the calculated E. coli 
concentration. Plate counts are also subject to error (Section 
1.2.2) ; and with the mixed E. coli inocula there is good chance 
(approximately 1:20) of the single E. coli in the inoculum 
having decreased /8-glucuronidase activity at 44°C, growing 
less well at 44°C, or being /8-glucuronidase negative.
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Table 7.8
Comparison of the results of a 5-tube MPN /5-glucuronidase 
test and plate counts to assess the sensitivity of the Lovibond 
comparator /5-glucuronidase protocol with milk samples.
E . coli 
strain
E. c
15 hr. 
inc.
oli CFU/ml
18 hr. 
inc.
milk fror
21 hr. 
inc.
n MPN
24 hr. 
inc.
E . coli CFU/mL 
milk from Plate 
Counts
ATCC
25922
4.9 24 35 35 46.9
5502 35 35 35 35 33.1
B 54 54 — - 57.8
3552 160 160 160 — 63.4
5662 24 35 54 54 59.7
3545 160 >160 - - 84.4
5660 92 92 92 — 95.6
K 22 22 22 22 60
C 13 13 13 - 28.1
5519B 54 54 54 - 89.3
Ashford
panel
13 13 17 - 75.0
Isolate
panel
35 35 35 - 67.2
* The Lovibond comparator was used to assess the MPN tubes. 
A reading of 10yjg/mL pNp or above was scored as positive.
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7.2.3 Comparison between the ff-alucuronidase assay
and a reference method for the enumeration 
of E . coli in soft cheese.
Soft ripened cheeses, such as Brie and Camenbert, manufactured 
from unpasteurized milk frequently contain organisms sensitive 
to pasteurization; these include E. coli and Listeria 
monocytogenes.
Following the single bottle /8-glucuronidase assay protocol, 
the medium was inoculated with cheese homogenate diluted in 
MRD. Enumeration of E. coli in the sample calculated from 
detection time in the /8-glucuronidase assay was compared with 
that derived from the reference method (Table 7.9).
E. coli was detectable, by at least one method, in 4 
out of the seven samples. The /8-glucuronidase assay was 
particularly insensitive because a 10'2dilution of cheese was 
used, in most cases, as this was most easily filtered. The 
sensitivity may have been improved by increasing the incubation 
time from 7.5 to 9 or 10 hours (Fig. 4.15).
For the two samples where E. coli was enumerated by both
methods, the /8-glucuronidase assay overestimated the result
of the reference method by between 0.5 and 1 log cycle. This
may have been due to the calculation of the results from the
examination of very small amounts of sample, (O.lg in lOmL
of a 1 O'2 food dilution) . Nevertheless, the estimates are broadly
similar, demonstrating that the relationship between the
detection time and the log inoculum size seems to be maintained
r,
for the E . coli strains naturally occurring m  soft cheese. 
However, detailed confirmation of this would require 
modification of the protocol to allow larger samples to be 
tested. A simple test for the presence of /8-glucuronidase 
activity, indicative of E. coli present above a certain 
threshold level in these samples,may provide a more sensitive 
and less labour intensive method. It would however be less 
precise permitting only the declaration that E. coli is present 
above a certain level.
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Table 7.9
Comparison between E . coli enumeration in soft cheese by the 
/3-glucuronidase assay and the Anderson Baird-Parker method.
Sample Food dilution E, coli CFU/g
P-gluc. A&B-P
Camenbert 10'2 1.26xl04 <5.0x10*
Brie 10’2 <4.46xl03 5.0x10*
Brie 10** <4.46xl02 <5.0x10*
Brie 10’2 <4.46xl03 <5.0x10*
Brie 10'2 <4.46xl03 <5.0x10*
Brie 10'* 1.OOxlO4 3. 5xl03
Brie 10'2 1.12xl04 4.OxlO3
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7.2.4 Comparison between the Lovibond comparator
^-glucuronidase test and a reference method 
for the detection of E . coli in soft cheese. 
A comparison of the detection of E. coli in unpasteurized 
soft cheeses was made between the Lovibond comparator protocol 
for /3-glucuronidase activity and the Anderson and Baird-Parker 
reference method. j3-G medium was inoculated either with a 
10'1 cheese homogenate in MRD or by homogenising the sample 
directly in the medium. The results are presented in Table 
7.10.
E. coli was detected by /3-glucuronidase activity in three 
samples of cheese homogenised in the medium and in one diluted 
sample. However, they were enumerated by the reference method 
in only one sample, Brie 1. This suggests that the 
/3-glucuronidase method is more sensitive than the reference 
method. Indole production in the test could be used as an 
internal confirmatory test for the presence of E. coli. High 
concentrations of fermentable carbohydrate in the sample are 
known to interfere with indole production (BSI, 1989) and 
this may be reason that indole was not detected in neat samples 
that demonstrated /3-glucuronidase activity. One sample 
demonstrated /3-glucuronidase activity, indole production and 
the presence of E. coli by the reference method. E. coli 
was not detected by either method in the other three diluted 
samples. The Lovibond Comparator protocol would appear to 
provide a less labour intensive method for the detection of 
E. coli in food samples. However, more extensive studies 
of the reliability and sensitivity of the test are necessary 
to evaluate the method.
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Table 7.10
Detection of E. coli by the Lovibond Comparator ^ -glucuronidase 
protocol and a reference method.
Sample Food dilution pNp conc. 
(^g/mL)
tl5hr
Indole
production
A&B-P 
E. coll 
CFU/g
Camenbert 1 10'1 0 Neg <50
Neat 6 Neg <50
Camembert 2 10'1 0 Neg <50
Neat 10 Neg <50
Brie 1 io-1 >42 Pos 100
Neat 25 Pos 50
Brie 2 101 0 Neg <50
Neat 42 Neg <50
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7.2.5 Examination of minced beef, chicken neck skin.
nam. and beansprouts bv the ^-glucuronidase 
assay and a reference method for the enumer­
ation of E . coli.
A selection of foods likely to be contaminated with E. coli 
were chosen to compare the /7-glucuronidase assay with the 
Anderson and Baird-Parker reference method.
The muscle tissue of healthy animals is generally sterile, 
but meat becomes contaminated with micro organisms when 
slaughter and dressed. Minced meats invariably have higher 
numbers of microorganisms than other cuts, as a result of 
a large surface area and increased handling of the product 
(Pivnick, et al, 1976).
Most of the organisms associated with fresh poultry occur 
on the surface, with the counts increasing with sucjBSsive 
stages of processing (May, 1962) . The neck skin flap of dressed 
chicken provides a relatively non-destructive, sampling site 
for the assessment of surface contamination. Nam is a 
traditional Thai, spiced and fermented pork sausage. Rawpor^_
meat, scalded pig skin and garlic are the principal ingredients. 
As meat is frequently contaminated with E . coli raw meat 
products, such as nam, may be expected to contain the organism.
Commercially grown beansprouts have been reported to 
have a large microbial population and potentially contaminated 
with E . coli (Damoglou, et al, 1988).
The mesophilic aerobic plate count* for samples of fresh 
and cooked minced beef, chicken neck skin and beansprouts 
were determined. Selective media (MacConkey agar, C-F-C 
Pseudomonas agar, Baird-Parker agar, and MRS agar), and the 
Anderson Baird-Parker method for E. coli, were used to identify 
the groups of species present in each sample. The results 
are presented in Table 7.11.
Mammalian, fish and invertebrate tissues are reported 
to contain a heat sensitive /?-glucuronidase (Section 2.1), 
suggesting that avian tissues may also contain the enzyme.
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Table 7.11
Mesophilic plate count and the groups of bacterial species 
present in a selection of food samples.
Sample APC CFU/g Groups of bacterial 
species isolated
Fresh minced beef 4.50xl06 Coliforms
Pseudomonads
Lactic acid bacteria
E. coll
S. aureus
P . aeruginosa
Cooked minced 
beef
<3.33x10* -
Chicken neck skin 7.80xl06 Coliforms
Pseudomonads
Lactic acid bacteria
E. coll
S. aureus
P . aeruginosa
Mung beansprouts 3.90xl07 Coliforms
Pseudomonads
Lactic acid bacteria
Notes:
APC = Aerobic mesophilic plate count
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Some plant materials are also reported to possess 
/?-glucuronidase (Section 2.1). For this reason cell-free 
extracts of fresh minced beef, chicken neck skin and beansprouts 
were examined for endogenous enzyme activity. To prepare 
the cell-free extracts the sample was homogenized 10'1 in MRD, 
centrifuged (3000rpm, 10 min.) and the supernatant filter- 
sterilised. Using the single bottle /7-glucuronidase protocol 
the medium was inoculated with the cell-free extract in the 
presence of chloramphenicol (10/zg/mL) .
With the exception of chicken neck skin all the products 
failed to produce colour in 9 hours. The fresh minced beef 
sample contained 5.0xl02 CFU/g E. coli, enumerated by the 
reference method, but the enzyme originating from these cells 
was clearly insufficpnt to produce colour rapidly. Hence a 
lO'1 dilution minced beef does not contain detectable endogenous 
^-glucuronidase activity that could interfere with the detection 
time of assay. The reference method was unable to detect 
E. coli in the beansprouts sample and ^ -glucuronidase activity 
was not detected in the extract. This suggests that detectable 
endogenous ^-glucuronidase activity is not associated with 
beansprouts and that any E. coli enzyme that may be present 
is insufficent to interfere with the assay.
A small increase in OD (0.04) was observed over the course 
of the assay (9 hours) with the extract of chicken neck skin. 
This may represent a small amount of endogenous /?-glucuronidase 
activity associated with the sample, or the activity of the 
enzyme from a proportion of the 1.85xl03 CFU/g E. coli 
population, enumerated by the reference method. However, 
this small amount of background activity is unlikely to cause 
interference with the assay as, in contrast to colour production 
by E. coli, the OD increased slowly.
A comparison was made between the /?-glucuronidase and 
reference methods of enumerating E. coli in homogenates of 
a number of samples of each type of food.
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Figure 7.5
Comparison between E. coli enumeration in fresh minced beef 
and spiked cooked minced beef by the ^-glucuronidase assay 
and the Anderson, Baird-Parker method.
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The results for fresh minced beef, cooked minced beef spiked 
with E. coli 182-12 or 182-14, strains isolated from fresh 
ground beef are presented in Fig. 7.5.
Enumeration of E. coli by both methods was only achieved 
for four samples of fresh minced beef as low concentrations 
of E. coli were encountered in several of the samples tested. 
Carl (1975) reported that 84% of fresh minced beef samples 
tested complied with an E. coli standard of <1.70 CFU/g. 
The results of the /^-glucuronidase assay consistently estimated 
a higher E. coli concentration than the reference method. 
This must be due to the presence of large numbers of other 
organisms causing over estimation of E. coli, rather than 
endogenous /?-glucuronidase activity in the sample.
The microbial population of cooked minced beef was small, 
as expected for heat processed foods. Spiking these samples 
with an E. coli strain isolated from the fresh material 
represented post-process contamination. Good agreement was 
demonstrated between the two methods for these samples (Fig. 
7.5), suggesting that the assay is particularly applicable 
for the enumeration of E . coli in heat processed foods.
The two enumeration methods for E, coli in homogenates 
of fresh chicken skin are compared in Fig. 7.6.
There was reasonable agreement between the two methods 
of E • coli enumeration (r=0.755) but the result of the 
/?-glucuronidase assay over-estimated the result from the 
reference method. This was probably due to the large mesophilic 
count of the samples reducing the detection time. The 
E. coli population of each sample was relatively large, with 
a range of 5. OlxlO1 -1.29xl04 CFU/g by the reference method.
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Figure 7.6
Comparison between E. coli enumeration in fresh chicken skin 
by the ^-glucuronidase assay and the Anderson, Baird-Parker 
method.
6
S
85 s 
(0 
0 
S■g
4Cok_
Z3o3
O)
CG 3
2_l
j=
D
LL
O
O)
5
1
0
0 1 2 3 4
Log CFU/mL E coli A&B-P
5 6
179
The concentration of E . coli determined by the 
/7-glucuronidase and reference methods, at two dilutions of 
three samples of nam, were compared (Table 7.12). E . coli 
was detected by both methods in one sample, at two dilutions. 
The ^-glucuronidase method over-estimated the E. coli 
concentration determined by the reference method with the 
10'1 dilution of meat and under-estimated with the 102 dilution. 
This may have been due to the presence of endogenous enzyme 
activity in the sample, rather than competitive organisms, 
as the effect was not seen with the more dilute sample.
/?-Glucuronidase-negative E. coli strains, identified 
by API 20E, were isolated from nam samples 1 and 2. The 
presence of these strains in the inoculum may lead to 
under-estimation of the E. coli concentration compared to 
the reference method.
A comparison was made between the ^ -glucuronidase assay 
and reference method for enumerating E. coli in homogenates 
of beansprouts (Table 7.13).
Extension of the incubation time to 9 hours, compared 
to the 7.5 hours used in section 7.2.1, increased the potential 
sensitivity of the /7-glucuronidase assay beyond that of the 
reference method.
In only one sample was E . coli detected by the reference 
method, suggesting that the organism, if present, occurred 
at a concentration below the sensitivity of the test. 
Enumeration of E. coli by the ^ -glucuronidase assay was achieved 
for 3 samples, and in each case the estimated concentration 
of the organism greatly outnumbered the result from the 
reference method. This could not be attributed to endogenous 
enzyme activity but may have been due to the presence of large 
numbers of competitive organisms, indicated by the large 
mesophilic aerobic plate count which amplifies the signal 
from E. coli. Over-estimation of E. coli when greatly 
outnumbered by other organisms was demonstrated in Section 
4.2.6.
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Table 7.12
Comparison of the enumeration of E. coli in nam by the
/?-glucuronidase assay and a reference method.
Sample Food dilution E. coli log CFU/g
/?-gluc. A&B-P
1 10*1 <1.40 <1.70
10'2 <1.40 <1.70
2 10*1 4.15 3.53
lO'2 2.83 3.53
3 lO*1 <1.40 <1.70
lO'2 <1.40 <1.70
Notes:
/?-gluc. = /^-glucuronidase activity 
A&B-P = Anderson and Baird-Parker method
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Table 7.13
Comparison between E . coli enumeration in beansprouts by the 
/7-glucuronidase assay and the Anderson Baird-Parker method.
Sample Food dilution E. coli 
glue.
CFU/mL
A&B-P
Mung beansprouts 10'* <2.50x10* <5.00x10*
Mung beansprouts 10'2 <2.50xl02 <5.00x10*
Mixed sprouts* 10’* <2.50x10* <5.00x10*
Mixed sprouts* 10'2 <2.50xl02 <5.00x10*
Mung beansprouts 10** l.lOxlO4 5.00x10*
Mung beansprouts 10*2 7.10xl03 <5.00x10*
Mung beansprouts 10** 2.OOxlO2 <5.00x10*
Mung beansprouts 10*2 <2.50xl02 <5.00x10*
Mung beansprouts 10* <2.50x10* <5.00x10*
Mung beansprouts io*2 <2.50xl02 <5.00x10*
Notes:
* = Mixture comprised of mung and aduki beans, chick 
peas, fenugreek and lentils.
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7.2.6 Comparison between the Lovibond comparator
/7-glucuronidase test and a reference method 
for the enumeration of E . coli in cook-chill 
meals.
High quality cook-chill meals were supplied by the catering 
unit of a District General Hospital. The presence of E. coli 
in these samples would indicate post-process contamination. 
The mesophilic aerobic plate count and the E, coli count, 
by the Anderson and Baird-Parker method, were assessed for 
each food sample. The Lovibond comparator /7-glucuronidase 
protocol was used because this provided a simple and reliable 
method for detecting E. coli in turbid samples, such as milk, 
and could be useful as a simple test to check with compliance 
with offical guidelines.
Detection of E. coli by the ^-glucuronidase method in 
samples spiked with a single E . coli strain, isolated from 
food, was compared with the concentration of E. coli in the 
sample calculated from plate counts (Table 7.14).
The mesophilic aerobic plate count was low for each of 
the food samples (<6.6xl01) and did not contain detectable 
E. coli. The medium was inoculated with lOmL of a 10'1 dilution 
of food in MRD, equivalent to lg of food.
The Department of Health Guidelines for the microbial 
guality of cook-chill foods (Chilled and Frozen, 1989) state 
that E. coli should not exceed 10/g (HMSO, 1989) . This 
represents the detection limit of plate counting methods (1 
E . coli colony from a lmL sample of a 10'1 dilution, in a pour 
plate) . With a more sensitive method this guideline level 
could be reduced.
The ^ -glucuronidase test for E. coli was able to detect, 
but not to enumerate, <10CFU/g for three strains of E. coli 
in food. It therefore has potential as a simple field test 
for E. coli in cook-chill foods. A single E. coli organism 
in the inoculum is probably detectable in 15 hours by this 
method. However, confirmation of this would require further 
investigation into the sensitivity of the method with food 
samples.
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Table 7.14
Detection of E. coli in food by the Lovibond comparator
/?-glucuronidase protocol.
Sample E. coll 
strain
E . coll 
CFU/g PC
yff-gluc. 
Cone. pNp 
(fjg/iriL)
Indole
Chicken - <33.00 0 Neg
casserole 182-12 6.08 >42 Pos
182-12 18.20 >42 Pos
182-12 19.80 >42 Pos
182-12 59.00 >42 Pos
Chicken pie - <33.00 0 Neg
182-12 6.60 >42 Pos
182-12 19.70 >42 Pos
Peas - <33.00 0 Neg
44.5 7.47 >42 Pos
44.5 22.40 >42 Pos
Chicken pie 
and peas A9
A9
<33.00
4.97
14.91
0
>42
>42
Neg
Pos
Pos
Notes:
PC = Plate counts.
(Cone. E. coli/q in unspiked samples was determined 
by the Anderson and Baird-Parker method.
Cone. E . coli/g in spiked samples was calculated 
from CFU/mL E. coli in the spike determined by plate 
counts.)
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7.3 Summary.
The /7-glucuronidase assay and the Anderson, Baird-Parker 
reference method were used to compare the enumeration of 
E . coli in a range of foods, likely to be naturally contaminated 
with the organism. It was necessary to use 10'1 or 10*2 dilutions 
of food, to facilitate accurate assessment of colour development 
in the ^-glucuronidase assay, and the small sample size (1 
or O.lg) compromised the sensitivity of the test. The number 
of E. coli detected by the /7-glucuronidase assay was broadly 
similar to, but consistently over-estimated, the result achieved 
with the reference method. As insufficent endogenous enzyme 
was detected in beef, chicken skin and beansprouts to interfere 
with the assay this must have been due to the small sample 
size and the presence of large numbers of competitive organisms.
To apply the /?-glucuronidase assay to the enumeration 
of E . coli in milk it was necessary to pretreat the sample, 
with a proteolytic enzyme and a surfactant, to allow filtration 
through a membrane filter. This separated and concentrated 
the organisms from the sample. The number of E. coli in the 
sample was underestimated by this method compared to plate 
counts. This was attributed to restricted access of nutrients 
to organisms enmeshed in the fabric of the filter or covered 
with a layer of fat or protein.
The Lovibond Comparator protocol provided a simpler method 
for the detection of /?-glucuronidase activity. Food dilutions 
(1CT1) , or food samples homogenised directly in the medium 
were incubated for 15 hours and colour development was assessed 
in a single sample using the Comparator. Enumeration of 
E. coli in the sample was not possible by this method, but 
results could potentially be used to assess compliance with 
guideline values so that the result is expressed as less than 
or greater than a predetermined number. This method may be 
sufficently sensitive to detect a single /?-glucuronidase- 
-positive E, coli cell in an inoculum. However, it would 
be necessary to determine the sensitivity of the test accurately 
for each type of food.
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A buffered medium was developed for the detection of 
^-glucuronidase activity in milk by the Lovibond Comparator 
protocol. Using an MPN format for the test and several 
E. coli strains the sensitivity of the test was found to be 
in the region of <0.5 CFU/mL E. coli.
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Chapter 8 SUMMARY AND CONCLUSIONS,
The application of the measurement of /7-glucuronidase activity 
as a rapid and specific method for the detection and direct 
enumeration of E. coli has been studied. Traditional methods 
for the enumeration of E. coli in food and water are frequently 
labour intensive and time consuming, requiring several days 
to produce results. The enzyme /?-glucuronidase provides a 
marker that is reported to be produced by approximately 95% 
of E. coli strains (Kilian and Biilow, 1976; Hansen and 
Yourassowsky, 1984) and only by occasional strains of species 
outside the Escherichia-Shigella group (Feng and Hartman, 
1982; Robison, 1984; Damare, et al, 1985; Petzel and Hartman, 
1985; Singh and Ng, 1986; Perez, et al, 1986).
Two methods have been developed employing the colourimetric 
substrate p-nitrophenol-/?-D-glucuronide (/7GA) , in a nutritious 
liquid medium. Firstly, an assay of /?-glucuronidase activity 
relating the time taken for the production of detectable colour 
in the test medium to the concentration of E. coli in the 
original sample, and secondly, a simple pass/fail test, based 
on the detection of /?-glucuronidase activity following 
incubation at 44°C for 15 hours. Both methods have been 
evaluated with a range of food and water samples and demonstrate 
potential as useful additional methods for E. coli.
At the outset of the project three potential limitations 
to the application of the detection of ^-glucuronidase as 
a marker for E. coli in food were apparent: the potential 
presence of endogenous enzyme, or large numbers of non- 
E . coli ^-glucuronidase producing organisms and catabolite 
repression of the enzyme by glucose in food. These have been 
investigated, together with the cellular location, production 
and control of the enzyme.
In the methods developed, ^-glucuronidase functions as 
an intracellular enzyme. Production of a specific /?-glucuronide 
permease and hydrolytic enzyme is induced from a low basal 
level by the presence of glucuronide in the medium. However, 
inclusion of 2% glucose or lactose in the medium caused enzyme
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production to be repressed by catabolite repression. Experiments 
with milk samples have shown that lactose does not cause 
catabolite repression in the ^-glucuronidase methods. This 
is because dilution of the sample in the medium reduces the 
carbohydrate concentration to a level that causes an 
insignificant effect. This may also be true for most foods 
containing glucose.
In the /?-glucuronidase assay for the direct enumeration 
of E. coli, the length of incubation required for the optical 
density to increase by 0.05 was defined as the "detection 
time". This appears to be a product of the time required 
for the initial E. coli population to increase and for 
approximately 3. OxlO7 CFU/mL to be induced and producing permease 
and hydrolase; protein synthesis, substrate hydrolysis and 
product liberation probably occur concurrently. The detection 
time has been demonstrated to be directly and inversely related 
to the number of E. coli in the sample and can be used as 
the basis for a calibration curve. This relationship is 
maintained at 37° and 44°C and for a single E . coli strain 
or a mixed E . coli inoculum, comprising 19 /7-glucuronidase- 
positive strains and a single ^ -glucuronidase-negative strain, 
isolated from a variety of sources. The calibration curve 
for the mixed E. coli inoculum at 44°C predicts that 1
E. coliImL sample will be detected in 9.56 hours.
Incubation at 44°C reduced the time taken for colour 
development compared to 37°C, despite the presence of lower 
numbers of E. coli in the medium at the detection time, by 
increasing the rate of substrate hydrolysis. Without the 
addition of sodium lauryl sulphate, the increased temperature 
was sufficiently selective to allow the method to be used 
even when E. coli was outnumbered by /?-glucuronidase-negative 
competitors by a factor of up to 104. However, in the presence 
of greater numbers of competitors the /?-glucuronidase method 
overestimated the concentration of E. coli in the sample. 
This was probably due to competition for nutrients causing 
enhanced metabolism of the glucuronide substrate by E. coli.
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In the analysis of natural environmental water samples 
and samples spiked with settled raw sewage the method gave 
a good correlation with the Anderson and Baird-Parker reference 
method. To examine food samples the medium was inoculated 
with a 10'1 or 10'2 dilution of food in MRD, rather than directly 
with the sample, as this facilitated the accurate measurement 
of colour development. The concentration of E. coli in 
naturally contaminated raw foods was consistently overestimated 
by the /7-glucuronidase assay compared to that determined by 
the reference method. Further examination of the samples 
suggested that this was due to the presence of large numbers 
of mesophilic, ^-glucuronidase-negative organisms, rather 
than the presence of endogenous enzyme. Foods known to contain 
endogenous /7-glucuronidase, such as oysters, were not examined 
although the dilution effect of sample preparation and 
inoculation of the medium would reduce endogenous activity. 
The method could be well suited to the examination of 
heat-treated foods, such as cook-chill meals, where any 
endogenous enzyme activity has been destroyed and there are 
low numbers of competitors.
The method does appear to have potential as a direct 
enumeration technique for E. coli. However, as presently 
constituted, it is rather labour intensive and requires slightly 
longer than a normal working day to produce a negative result. 
Automation of the method may provide a way of over coming 
these problems, allowing computer monitoring of samples in 
the absence of laboratory personnel.
The Lovibond comparator ^-glucuronidase protocol, or 
pass/fail test, is unable to enumerate E. coli in the sample. 
However, it has potential as a monitor of compliance with 
guideline values, expressing the result as greater than or 
less than a predetermined concentration. Development of colour 
in the medium greater than 10/zg/mL pNp, following 15 hours 
incubation at 44°C was used as evidence of /7-glucuronidase 
activity.
The sensitivity of this method for E. coli is crucial 
to its application. Evaluation with water and milk samples
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suggest that <1 and possibly lCFU/mL E. coli can be detected 
in 15 hours. Traditionally, the limits set for E. coli in 
food and water represent the detection limit of plate counting
in tine
methods rather than the absence of the organism. With a more 
sensitive method the guideline levels could be reduced. A 
reduction in the incubation time (probably to 10-13 hours) 
may be used to decrease the sensitivity of the test in line 
with current guideline limits for E. coli.
This test has particular potential as a simple test of 
compliance that could be applied in the field with a minimum 
of laboratory equipment. Application of the test in a 10- 
tube MPN format, following the APHA method for potable water 
(Greenberg, et al, 1985) , may provide a sensitive and specific 
method for detecting low numbers of E . coli in pasteurized 
milk and potable water. Foods to which the test may be applied 
need to be carefully identified. Although again cook-chill 
foods may be an obvious example, since there is a guideline 
limit of E. coli <10/g (HMSO, 1989) . The test does require 
longer than one working day to produce results, a-1 though 
it is not labour-intensive and can be set up in the late 
afternoon to be examined the following morning.
Both the /7-glucuronidase methods are potentially 
susceptible to false-positive and false-negative results. 
False-positives may arise as a result of the presence of a 
/?-glucuronidase-positive strain of another genus , for example 
Shigella, Salmonella, Enterohacter, Klebsiella or Staphylococcus 
in the absence of E. coli or overestimation of the concentration 
of E. coli in the presence of large numbers of competitive 
organisms. Although both of these results are technically 
incorrect the effect is less significant than a false-negative 
result, since the presence of many other /7-glucuronidase 
producing organisms and large numbers of competitive organisms 
are both undesirable.
False-negatives may occur if a sample contains a single, 
/?-glucuronidase-negative E. coli strain. Alternatively, if 
a sample contains a low concentration of several strains, 
a particular inoculum may contain a large proportion of cells
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These, nna>3
that are /?-glucuronidase-negative. demonstrate delayed 
production of /7-glucuronidase or grow poorly at 44°C. In 
any event, the result is the same, and the organism is not 
reported despite being present in the sample. Pathogenic
E. coli possessing the 0157 or K1 antigen are of particular 
significance as they may also be ^-glucuronidase-negative 
(Kilian and Biilow, 1979; Sonnenwirth, 1980; Feng, et al, 1991). 
The association between E. coli 0157:H7 and cattle may make 
the possibility of false-negatives more likely with raw beef 
and milk samples (Doyle, 1990).
In the future a greater understanding of the genetic 
control of production of the permease and hydrolase may lead 
to adaptation of the medium and protocol to achieve results 
more rapidly. A more thorough study of the application of 
the pass/fail test to cook-chill foods and the sensitivity 
of this method for E. coli has potential to establish a reliable 
method for compliance with guideline values.
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